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We provide the analysis of charmless two-body B → V P decays under the framework of the soft-
collinear-effective-theory (SCET), where V (P ) denotes a light vector (pseudoscalar) meson. Besides
the leading power contributions, some power corrections (chiraly enhanced penguins) are also taken
into account. Using the current available B → PP and B → V P experimental data on branching
fractions and CP asymmetry variables, we find two kinds of solutions in χ2 fit for the 16 non-
perturbative inputs which are essential in the 87 B → PP and B → V P decay channels. Chiraly
enhanced penguins can change several charming penguins sizably, since they share the same topology.
However, most of the other non-perturbative inputs and predictions on branching ratios and CP
asymmetries are not changed too much. With the two sets of inputs, we predict the branching
fractions and CP asymmetries of other modes especially Bs → V P decays. The agreements and
differences with results in QCD factorization and perturbative QCD approach are analyzed. We
also study the time-dependent CP asymmetries in channels with CP eigenstates in the final states
and some other channels such as B¯0/B0 → pi±ρ∓ and B¯0s/B
0
s → K
±K∗∓. In the perturbative QCD
approach, the (S − P )(S + P ) penguins in annihilation diagrams play an important role. Although
they have the same topology with charming penguins in SCET, there are many differences between
the two objects in weak phases, magnitudes, strong phases and factorization properties.
I. INTRODUCTION
Studies on B decays are mainly concentrated on the precise test of the standard model (SM) and the search for pos-
sible new physics (NP) scenarios. To map out the apex in the unitarity triangle of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix, many precise experimental data together with reliable theoretical predictions are required. In charm-
less two-body non-leptonic B decays, the main experimental observables are branching ratios and CP asymmetries.
To predict these observables, one has to compute the hadronic decay amplitudes 〈M1M2|Oi|B〉, where Oi is typically
a four-quark or a magnetic moment type operator. Since three hadronic states are involved in these decays, the
predictions on these observables are often polluted by our poor knowledge of the non-perturbative QCD. Fortunately,
it has been suggested that in the mb →∞ limit, decay amplitudes can be studied in a well-organized way: they can be
factorized into the convolution of non-perturbative objects such as B to light form factors and decay constants of light
pseudoscalars/vectors with perturbative hard kernels. In recent years, great progresses have been made in studies
of charmless two-body B decays. These decays were investigated in the so-called naive factorization approach [1, 2]
and the generalized factorization approach[3, 4, 5, 6, 7]. At present, there are three commonly-accepted theoretical
approaches to investigate the dynamics of these decays, the QCD factorization (QCDF) [8, 9, 10], the perturbative
QCD (PQCD) [11, 12, 13], and the soft-collinear effective theory (SCET) [14, 15]. Despite of many differences, all of
them are based on power expansions in ΛQCD/mb, where mb is the b-quark mass and ΛQCD is the typical hadronic
scale. Factorization of the hadronic matrix elements is proved to hold in the leading power in ΛQCD/mb in a number
of decays.
In the present work, we will focus on the SCET. The matching from QCD onto SCET is always performed in two
stages. The fluctuations with off-shellness O(m2b) is firstly integrated out and one results in the intermediate effective
2theory. At final stage, we integrate out the hard-collinear modes with off-shellness O(mbΛQCD) to derive SCETII . In
B → M1M2 decays, both of the final state mesons move very fast and are generated back-to-back in the rest frame
of B meson. Correspondingly, there exist three typical scales: the b quark mass mb, the soft scale ΛQCD set by the
typical momentum of the light degrees of freedom in the heavy B meson, the intermediate scale
√
mbΛQCD which
arise from the interaction between collinear particles and soft modes. SCET provides an elegant theoretical tool to
separate the physics at different scales and factorization for B → M1M2 was proved to hold to all orders in αs at
leading power of 1/mb [16, 17, 18, 19, 20]. After integrating out the fluctuations with off-shellness m
2
b , one reaches
the intermediate effective theory SCETI , in which the generic factorization formula for B →M1M2 is written by:
〈M1M2|Oi|B〉 = T (u)⊗ φM1 (u)ζB→M2 + TJ(u, z)⊗ φM1 (u)⊗ ζB→M2J (z), (1)
where T and TJ are perturbatively calculable Wilson coefficients which depend on the Lorentz structure and flavor
structure. Calculations for these hard kernel functions are approaching next-to-leading order accuracy [8, 9, 19, 21,
22, 23]. In the second step, the fluctuations with typical off-shellness mbΛQCD are integrated out and one reaches
SCETII . In SCETII , end-point singularities prohibit the factorization of ζ, while the function ζJ can be further
factorized into the convolution of a hard kernel (jet function) with light-cone distribution amplitudes:
ζJ (z) = φM2(x)⊗ J(z, x, k+)⊗ φB(k+). (2)
An essential question is whether power corrections in SCET can be analyzed in a similar way. It is almost an
impossible task to include all power corrections, but we can include the relatively important one. Importance of
chiraly enhanced penguins has been noted long time ago, and numerics show that chiraly enhanced penguins are
comparable with the penguin contributions at leading power. Thus in both of QCDF [8, 9, 10] and PQCD [11, 12, 13]
approaches, it has been incorporated into the decay amplitudes besides the leading power penguins. In SCET, the
complete operator basis and the corresponding factorization formulae for this term are recently derived in Ref. [23, 24].
A new factorization formula for chiraly enhanced penguin was proved to hold to all orders in αs, and more importantly
the factorization formula does not suffer from the endpoint divergence. In the factorization formula, a new form factor
named ζχ and a twist-3 light-cone distribution amplitude φ
pp are introduced.
In Ref. [25], one phenomenological framework is introduced, in which the expansion at the intermediate scale
µhc =
√
mbΛQCD is not used. Instead the experimental data are used to fit the non-perturbative inputs. This
method is very useful especially at tree level, since the function T (u) is a constant and TJ(u, z) is a function of only u.
Thus only a few inputs are required in decay amplitudes. In this framework, an additional term from the intermediate
charm quark loops, which is called charming penguin [20, 25, 26, 27, 28, 29], is also taken into account. Charming
penguins are not factorized into the LCDAs and form factors, since the heavy charm quark pair can not be viewed
as collinear quarks. They are also treated as non-perturbative inputs. This method is first applied to B → Kπ,
B → KK and B → ππ decays [25]. Subsequently, it is extended to charmless two-body B → PP decays involving
the iso-singlet mesons η and η′ [30].
In the present work, we extend this method to the B → V P decays. We will use the wealth of the experimental
data to fit the non-perturbative inputs (in our analysis, we also take the B → PP decays into account). In doing
this, we would assume SU(3) symmetry for form factors and charming penguins to reduce the number of independent
non-perturbative inputs: there are totally 16 non-perturbative inputs to be determined. Utilizing the meson matrices,
we give the master equations for the hard kernels for B → M1M2 decays. After analyzing the B → V P decays at
leading power, we take part of chiraly enhanced penguin into account. With the chiraly enhanced penguins taken
into account, we find most of the 16 inputs are not changed sizably except charming penguins. Flavor singlet mesons
3η and η′ receive additional contributions (gluonic contributions) from higher Fock state component. In Ref. [30], the
gluonic form factors and gluonic charming penguins which are responsible for B → PP decays are fitted using the
related experimental data. Since there are not enough experimental results, the authors find two solutions for these
inputs. This situation is changed when considering B → V P decays since we have more data to give more stringent
constraint. Incorporating the B → V P experimental results for branching fractions and CP asymmetries, we find
that our results are consistent with their second solution. We find two solutions for the inputs only responsible for
B → V P decays. One of the solutions for B → V form factors are smaller than those given in Ref. [23], where the
B → ρLρL data (ρL denotes a longitudinally polarized meson), B → ρ0ρ− and B → ρ+ρ− branching ratios and
CP-asymmetries Sρ+ρ− and Cρ+ρ− , are used. Our second solution for B → V form factors is more consistent with
them. Generally speaking, charming penguins in SCET have the similar role with (S−P )(S+P ) annihilation penguin
operators in PQCD approach. Both of them are essential to give the correct branching ratios in these two different
approaches. But there are indeed some differences in predictions on other parameters such as direct CP asymmetries
and mixing-induced CP asymmetries. We also make some comparisons between these two objects.
The paper is organized as follows. B → V P decay amplitudes at leading power are briefly given in Sec. II. What
followed is the factorization analysis in which chiraly enhanced penguins are taken into account. In section II, utilizing
the rich experimental data on branching fractions and time-dependent CP asymmetry observables, we give two kinds
of solutions for the 16 non-perturbative parameters responsible for B → PP and B → V P decays at the leading power
accuracy. With the inclusion of chiraly enhanced penguin, most parameters remain unchanged except the charming
penguin parameters. Predictions on branching fractions and other observables, including direct CP asymmetries,
time-dependent CP asymmetries and ratios of branching fractions, are given subsequently. A comparison between
charming penguins in SCET and annihilation diagrams in PQCD approach is presented in Section V. Sec. VI contains
our conclusions. In appendix A, we give the master equations for the hard kernels in both b→ d and b→ s transitions.
II. B → V P DECAY AMPLITUDES AT LEADING POWER IN SCET
In this section, we briefly review the factorization analysis at the leading power and collect the corresponding leading
order short-distance coefficients. The weak effective Hamiltonian which describes b → D (D = d, s) transitions are
[31]:
Heff = GF√
2
{ ∑
q=u,c
VqbV
∗
qD
[
C1O
q
1 + C2O
q
2
]
− VtbV ∗tD
[10,7γ,8g∑
i=3
CiOi
]}
+H.c., (3)
where Vqb(D) are the CKM matrix elements and in the following we will also use products of the CKM matrix elements
λ
(f)
q (q=u,c,t) defined by λ
(f)
q = VqbV
∗
qf . Functions Oi (i = 1, ..., 10, 7γ, 8g) are the local four-quark operators or the
moment type operators:
• current–current (tree) operators
Oq1 = (q¯αbα)V−A(D¯βqβ)V−A, O
q
2 = (q¯αbβ)V−A(D¯βqα)V−A, (4)
• QCD penguin operators
O3 = (D¯αbα)V−A
∑
q′
(q¯′βq
′
β)V−A, O4 = (D¯βbα)V−A
∑
q′
(q¯′αq
′
β)V−A, (5)
O5 = (D¯αbα)V−A
∑
q′
(q¯′βq
′
β)V+A, O6 = (D¯βbα)V−A
∑
q′
(q¯′αq
′
β)V+A,
4• electro-weak penguin operators
O7 =
3
2
(D¯αbα)V−A
∑
q′
eq′(q¯
′
βq
′
β)V+A, O8 =
3
2
(D¯βbα)V−A
∑
q′
eq′(q¯
′
αq
′
β)V+A, (7)
O9 =
3
2
(D¯αbα)V−A
∑
q′
eq′(q¯
′
βq
′
β)V−A, O10 =
3
2
(D¯βbα)V−A
∑
q′
eq′(q¯
′
αq
′
β)V−A, (8)
• magnetic moment operators
O7γ = −emb
4π2
D¯ασ
µνPRbαFµν , O8g = −gmb
4π2
D¯ασ
µνPRT
a
αβbβG
a
µν , (9)
where α and β are color indices and q′ are the active quarks at the scale mb, i.e. q′ = (u, d, s, c, b). The mb is the
b quark mass and we use mb = 4.8 GeV. The left handed current is defined as (q¯
′
αq
′
β)V−A = q¯
′
αγν(1 − γ5)q′β and
the right handed current (q¯′αq
′
β)V+A = q¯
′
αγν(1 + γ5)q
′
β . The projection operators are defined as PL = (1 − γ5)/2
and PR = (1 + γ5)/2. The electro-weak penguin operators O9,10 can be eliminated using eq q¯q = u¯u + c¯c − 13 q¯q. In
the following, we will work to leading order in αs(mb). In the naive dimensional regularization (NDR) scheme for
αs(mZ) = 0.119, αem = 1/128, mt = 174.3 GeV, the Wilson coefficients Ci at leading logarithm order for tree and
QCD penguin operators are
C1−6(mb) = {1.110,−0.253, 0.011,−0.026, 0.008,−0.032}, (10)
while the Wilson coefficients for electroweak penguin (EWP) operators are:
C7−10(mb) = {0.09, 0.24,−10.3, 2.2}× 10−3, (11)
and for the magnetic operators C7γ(mb) = −0.315, C8g(mb) = −0.149. We have used the sign convention for the
electromagnetic and strong coupling constant as Dµ = ∂µ − igT aAaµ − ieQfAµ, so that the Feynman rule for the
vertex is igT aγµ + ieQfγµ.
In the present work, we will adopt the notations as in Ref. [32] and use λ =
√
ΛQCD/mb. The emitted quark and
anti-quark mainly move along the direction n+ and the recoiling meson is moving on the direction n−, where n± are
two light-cone vectors: n2± = 0 and n+ · n− = 2. The matching from QCD onto SCET are always performed in two
stages. We will first integrate out the fluctuations with off-shellness O(m2b) to give the intermediate effective theory.
At final stage, we integrate out the hard-collinear modes with off-shellness O(mbΛQCD) to derive SCETII
A. Matching onto SCETI
To study the decay amplitudes of B → M1M2 decays in SCET, we first consider the possible operators using the
building blocks. The power counting rule for these blocks has been given in Ref. [32]. Integrating out the hard scales
with typical off-shellness m2b , the electro-weak operators can match onto two kinds of operators in SCET where the
situation is similar with that in B to light form factors: the first kind of operators involve four quark fields while
the second one involves an additional transverse gluon field. For flavor-singlet mesons, one needs to consider the
operators which are composed by two gluon fields. Then the leading power operators responsible for b→ s transitions
5are chosen by:
Q
(0)
1s (t) =
[
(s¯Wc2)(tn−)
n/−
2
(1− γ5)(W †c2u)
]
[(u¯Wc1)n/+(1− γ5)hv] ,
Q
(0)
2s,3s(t) =
[
(u¯Wc2)(tn−)
n/−
2
(1∓ γ5)(W †c2u)
]
[(s¯Wc1)n/+(1− γ5)hv] ,
Q
(0)
4s (t) =
[
(s¯Wc2)(tn−)
n/−
2
(1− γ5)(W †c2q)
]
[(q¯Wc1)n/+(1− γ5)hv] ,
Q
(0)
5s,6s(t) =
[
(q¯Wc2)(tn−)
n/−
2
(1∓ γ5)(W †c2q)
]
[(s¯Wc1)n/+(1− γ5)hv] ,
Q(0)gs (t) = mbiǫ⊥µνTr
[
[W †c2iD
µ
⊥c2Wc2](tn−)[W
†
c2iD
ν
⊥c2Wc2]
]
[(s¯Wc1)n/+(1− γ5)hv] , (12)
with the trace over the color indices. The operators suppressed by λ are given by:
Q
(1)
1s (t, s) = −
1
mb
[
(s¯Wc2)(tn−)
n/−
n−v
(1− γ5)(W †c2u)
] [
(u¯Wc1)(W
†
c1iD/⊥c1Wc1)(sn+)(1 − γ5)hv
]
,
Q
(1)
2s,3s(t, s) = −
1
mb
[
(u¯Wc2)(tn−)
n/−
n−v
(1 ∓ γ5)(W †c2u)
] [
(s¯Wc1)(W
†
c1iD/⊥c1Wc1)(sn+)(1 − γ5)hv
]
,
Q
(1)
4s (t, s) = −
1
mb
[
(s¯Wc2)(tn−)
n/−
n−v
(1− γ5)(W †c2q)
] [
(q¯Wc1)(W
†
c1iD/⊥c1Wc1)(sn+)(1 − γ5)hv
]
,
Q
(1)
5s,6s(t, s) = −
1
mb
[
(q¯Wc2)(tn−)
n/−
n−v
(1∓ γ5)(W †c2q)
] [
(s¯Wc1)(W
†
c1iD/⊥c1Wc1)(sn+)(1 − γ5)hv
]
,
Q
(1)
7s (t, s) = −
1
mb
[
(s¯Wc2)(tn−)n/−γ⊥µ (1 + γ5)(W
†
c2u)
] [
(u¯Wc1)(W
†
c1iD
µ
⊥c1Wc1)(sn+)(1 − γ5)(sn+)hv
]
,
Q
(1)
8s (t, s) = −
1
mb
[
(s¯Wc2)(tn−)n/−γ⊥µ (1 + γ5)(W
†
c2q)
] [
(q¯Wc1)(W
†
c1iD
µ
⊥c1Wc1)(sn+)(1 − γ5)hv
]
,
Q(1)gs (t, s) = −2mbiǫ⊥µνTr
[
[W †c2iD
µ
⊥c2Wc2](tn−)[W
†
c2iD
ν
⊥c2Wc2]
]
×
[
(s¯Wc1)(W
†
c1iD/⊥c1Wc1)(sn+)(1− γ5)hv
]
, (13)
where the fields without position argument are at x = 0. The field products within the square brackets are color-
singlet and we will neglect the colour-octet operators since they give vanishing matrix elements at leading order. The
operators responsible for b→ d transitions could be directly obtained by replacing s quark fields by the corresponding
d quark fields. Although the operators given in Eq. (13) are suppressed by λ compared with those in Eq. (12), all of
the operators in Eq. (12) and Eq. (13) contribute to 〈M1M2|O|B〉 at the same power when matching onto SCETII .
Hence the effective Hamiltonian are matched onto SCETI by the following equation:
Heff = GF√
2
{∫
dtˆ cˆi(tˆ)O
(0)
i (t) +
∫
dtˆdsˆ bˆi(tˆ, sˆ)O
(1)
i (t, s)
}
, (14)
with sˆ = n+ · p′s = mBs, tˆ = n− · qt = mBt (p′ and q are the momentum of the recoiling and emitted meson,
respectively). We usually evaluate the Wilson coefficients ci(u) and bi(u, z) in momentum space which is related to
the ones in coordinated space by:
ci(u) =
∫
dtˆe−iumB tˆcˆi(tˆ), bi(u, z) =
∫
dtˆe−imB(utˆ+zsˆ)bˆi(tˆ, sˆ). (15)
6The tree level matching coefficients for the four-body operators in eq. (12) are given by:
c
(f)
1,2 = λ
(f)
u
[
C1,2 +
1
Nc
C2,1
]
− λ(f)t
3
2
[ 1
Nc
C9,10 + C10,9
]
,
c
(f)
3 = −
3
2
λ
(f)
t
[
C7 +
1
Nc
C8
]
,
c
(f)
4,5 = −λ(f)t
[ 1
Nc
C3,4 + C4,3 − 1
2Nc
C9,10 − 1
2
C10,9
]
,
c
(f)
6 = −λ(f)t
[
C5 +
1
Nc
C6 − 1
2
C7 − 1
2Nc
C8
]
,
c(f)g = 0. (16)
The tree level matching of five-body operators leads to:
b
(f)
1,2 = λ
(f)
u
[
C1,2 +
1
Nc
(
1− mb
ω3
)
C2,1
]
− λ(f)t
3
2
[
C10,9 +
1
Nc
(
1− mb
ω3
)
C9,10
]
,
b
(f)
3 = −λ(f)t
3
2
[
C7 +
(
1− mb
ω2
) 1
Nc
C8
]
,
b
(f)
4,5 = −λ(f)t
[
C4,3 +
1
Nc
(
1− mb
ω3
)
C3,4
]
+ λ
(f)
t
1
2
[
C10,9 +
1
Nc
(
1− mb
ω3
)
C9,10
]
,
b
(f)
6 = −λ(f)t
[
C5 +
1
Nc
(
1− mb
ω2
)
C6
]
+ λ
(f)
t
1
2
[
C7 +
1
Nc
(
1− mb
ω2
)
C8
]
,
b
(f)
7 = −λ(f)t
3
2
C7
1
Nc
(mb
ω2
− mb
ω3
)
,
b
(f)
8 = −λ(f)t
(
C5 − 1
2
C7
) 1
Nc
(mb
ω2
− mb
ω3
)
,
b(f)g = λ
(f)
t C8g
αs(mb)
16CF
( 1
u¯
− 1
u
)[2 + z
1− z + 2
(
1− 1
N2c
)
uu¯
(1− zu)(1− zu¯)
]
, (17)
where ω2 = umB and ω3 = −u¯mB with u is the momentum fraction of the positive quark in the emitted meson. mB is
the B-meson mass. CF = (N
2
c − 1)/2Nc and Nc = 3. The one-loop corrections are given in Refs. [8, 9, 19, 21, 22, 23].
The coefficients cfg and b
f
g are zero at O(α0s), thus they are not relevant for the present study in which we concentrate
on the leading order analysis.
In SCETI , the matrix elements of O
(0,1)
i can be decomposed into some simple and universal ones defined as follows:
〈M1|(χ¯Wc2)(tn−)n/−
2
(1− γ5)(W †c2χ)|0〉 =
ifM1mB
2
∫ 1
0
dueiutˆφM1(u),
〈M2|T [(χ¯Wc1)n/+(1− γ5)hv]|B〉 = mBζ,
〈M2|T [(u¯Wc1)(W †c1iD/⊥c1Wc1)(sn+)(1 − γ5)hv]|B〉 = −m2B
∫
dzeimBz·sζJ (z), (18)
where M2 is an arbitrary pseudo-scalar meson or vector meson except η and η
′.
B. Matching to SCETII
The matching of SCETI onto SCETII is performed by integrating out the degrees of freedom with p
2 ∼ Λmb. To do
so, it is useful to perform a redefintion of collinear fields: q → Ysq, where Ys is a soft Wilson line. The SCET Lagrangian
contains no leading order interactions between the collinear-2 and collinear-1 fields after decoupling soft-gluons from
collinear-2 sector by a field re-definition. Although soft Wilson lines still appear in the effective electro-weak operators,
the Wilson line only appear in the combination of Yshv. Thus the two kinds of collinear sectors decouple and the
decay amplitudes factorize.
7In SCETII , the end-point singularity prevents the factorization of ζ while the form factor ζ
BM
J (z) can be further
factorized into convolution of light-cone-distribution amplitudes (LCDAs) and jet functions:
ζBMJ (z) =
fBfM
mB
∫
dk+dxφ
+
B(k+)J(z, x, k+)φM (x). (19)
At the lowest order, J(z, x, k+) = δ(z − x)αsπCF /(Ncx¯k+).
C. Decay amplitudes involving flavor-singlet mesons η and η′
For iso-singlet mesons η and η′, we adopt the Feldmann-Kroll-Stech (FKS) mixing scheme [33, 34, 35]. In this
scheme, an arbitrary iso-singlet biquark operator O can be written as a linear combination of Oq ∼ (uu¯+dd¯)/
√
2 and
Os ∼ ss¯ operators with the well defined flavor structure. Matrix elements of O = cqOq + csOs between η, η′ states
and the vacuum state can be parameterized by
〈0|O|η〉 = cq cosφq〈Oq〉 − cs sinφs〈Os〉, (20)
〈0|O|η′〉 = cq sinφq〈Oq〉+ cs cosφs〈Os〉, (21)
where the four matrix elements 〈0|Oq,s|η(′)〉 are expressed by the two angles φq,s and two reduced matrix elements
〈Oq,s〉. Phenomenologically, one can neglect the OZI suppressed matrix elements and obtain φq = φs = θ. Thus, the
mass eigenstates η, η′ are related to the flavor basis through:
η = ηq cos θ − ηs sin θ,
η′ = ηq sin θ + ηs cos θ. (22)
For these iso-singlet mesons ηq and ηs, we need in addition more theoretical inputs which arise from the higher Fock
state component:
iǫ⊥µν〈ηq(p)|Tr[[W †c2iDµ⊥c2Wc2](tn−)[W †c2iDν⊥c2Wc2]]|0〉 =
∫ 1
0
dueiutˆ
i
4
√
CF
√
2
3
fηq Φ¯
g
P (u),
iǫ⊥µν〈ηs(p)|Tr[[W †c2iDµ⊥c2Wc2](tn−)[W †c2iDν⊥c2Wc2]]|0〉 =
∫ 1
0
dueiutˆ
i
4
√
CF
√
1
3
fηsΦ¯
g
P (u),
(〈ηq|T [(χ¯Wc1)n/+(1− γ5)hv]|B〉)g =
√
2mBζg,
(〈ηs|T [(χ¯Wc1)n/+(1− γ5)hv]|B〉)g = mBζg,
(〈ηq|T [(χ¯Wc1)(W †c1iD/⊥c1Wc1)(sn+)(1 − γ5)hv]|B〉)g = −
√
2m2B
∫
dzeimBz·sζJg(z),
(〈ηs|T [(χ¯Wc1)(W †c1iD/⊥c1Wc1)(sn+)(1 − γ5)hv]|B〉)g = −m2B
∫
dzeimBz·sζJg(z), (23)
where only the gluonic contributions to B → ηq, ηs form factors are shown. Please note that, our convention is
different from the one used in Ref. [30], where the form factors ζg and ζJg are incorporated in the definition of ζ
BM2
(J) .
Here we have separated them out and the two functions ζBM2(J) do not contain contributions from the gluonic term.
This convention is more convenient when extracting the hard kernels using master equations given in the appendix.
In SCETII , ζg can not be factorized either for the presence of end-point singularity but ζ
BM
Jg (z) is given in terms
of the jet functions by:
ζBMJg (z) =
fBfM
mB
1
4
√
CF
3
∫
dk+dxφ
+
B(k+)Jg(z, x, k+)Φ¯
g
M (x), (24)
At the lowest order, Jg(z, x, k+) = δ(z − x)αs2π/(Nck+).
8D. A summary of the factorization formulae
In summary, the b→ s(d) decay amplitudes at leading power in SCET can be expressed by:
A(B →M1M2) = GF√
2
m2B
{
fM1
∫
duφM1(u)T1(u)ζ
BM2 + fM1
∫
duφM1(u)
∫
dzT1J(u, z)ζ
BM2
J (z)
+fM1
∫
duφM1 (u)T1g(u)ζ
BM2
g + fM1
∫
duφM1(u)
∫
dzT1Jg(u, z)ζ
BM2
Jg (z)
+f1M1
∫
duΦ¯gM1(u)T
g
1 (u)ζ
BM2 + f1M1
∫
duΦ¯gM1(u)
∫
dzT g1J(u, z)ζ
BM2
J (z)
+f1M1
∫
duΦ¯gM1(u)T
g
1g(u)ζ
BM2
g + f
1
M1
∫
duΦ¯gM1(u)
∫
dzT g1Jg(u, z)ζ
BM2
Jg (z)
+λ(f)c A
M1M2
cc + (1↔ 2)
}
, (25)
where AM1M2cc denotes the non-perturbative charming penguins. Ti are hard kernels which can be calculated using
perturbation theory. In the appendix A, based on the flavor structure of the four-body operators and five-body
operators, we give the master equations for hard kernels Ti which utilize the coefficients given in Eq. (16) and
Eq. (17). For distinct decay channels, one can easily evaluate the equation to obtain the corresponding hard kernels.
In SCET, the factorization formula for B →M1M2 is easily proved to hold to all order in αs: the amplitudes given
in Eq. (25) have the form of a convolution of the universal light-cone distribution amplitudes and the perturbative
hard kernels. Utilizing the perturbative expansion in αs(
√
mbΛ) for the jet functions and in αs(mb) for the Wilson
coefficients, one can predict the branching ratios, CP asymmetries and other observables for B →M1M2 decays. One
can also use another parallel method: the non-perturbative parameters can be fitted by experimental measurements
on the B →M1M2 decays. This approach is especially useful at leading order in αs, since then the hard kernels T1(u)
are constants, while T1J(u, z) are functions of u only. Furthermore, at this order terms with hard kernels T
g
1J(u, z),
T g1 (u), T
g
1Jg(u, z), T
g
1g(u) do not contribute at all. Thus the decay amplitudes of B →M1M2 decays at LO in αs(mb)
are written by:
A(B →M1M2) = GF√
2
m2B
{
fM1
[
ζBM2J
∫
duφM1(u)T1J(u) + ζ
BM2
Jg
∫
duφM1 (u)T1Jg(u)
]
+fM1(T1ζ
BM2 + T1gζ
BM2
g ) + λ
(f)
c A
M1M2
cc + (1↔ 2)
}
, (26)
where the four functions ζBM1 , ζg and
ζBM2J =
∫
dzζBM2J (z), ζ
BM2
Jg =
∫
dzζBM2Jg (z), (27)
are treated as non-perturbative parameters to be fitted from experiment measurements.
In order to reduce the independent inputs, one can utilize the SU(3) symmetry for B to light form factors and
charming penguins. In the exact SU(3) limit, only two form factors are needed for B → PP decays without iso-singlet
mesons:
ζBP(J) ≡ ζBπ(J) = ζBK(J) = ζBsK(J) . (28)
Besides these two form factors, there are two additional new non-perturbative functions ζ(J)g in decays involving
iso-singlet mesons ηq and ηs. They are contributions from the intrinsic gluons. The B → V form factors are rather
simple, since there is no gluonic contribution at all. The flavor SU(3) symmetry implies the relation for B → V form
factors:
ζBV(J) ≡ ζBρ(J) = ζBK
∗
(J) = ζ
Bω
(J) = ζ
BsK
∗
(J) = ζ
Bsφ
(J) . (29)
9If the SU(3) symmetry is assumed for charming penguins, there are totally five complex charming penguins which
depends on the spin and isospin properties of the emitted mesons and recoiling mesons: APPcc , A
PV
cc , A
V P
cc , A
PP
ccg , A
V P
ccg .
AM1M2cc denotes the charming penguins in which the M1 meson is emitted and the M2 meson is recoiled. The two
charming penguins APPccg , A
V P
ccg only contributes to decays in which a iso-singlet meson is recoiled.
With the assumption of flavor SU(3) symmetry for B to light form factors and charming penguin terms, the non-
perturbative, totally 16 real inputs responsible for B → PP and B → V P decays are summarized in the following:
ζBP , ζBPJ , ζg, ζJg, ζ
BV , ζBVJ , A
PP
cc , A
PV
cc , A
V P
cc , A
PP
ccg , A
V P
ccg . (30)
III. CHIRALY ENHANCED PENGUINS
Power corrections are expected to be suppressed by at least the factor ΛQCD/mb, but chiraly enhanced penguins
are large enough to compete with the leading power QCD penguins as the suppression factor becomes 2µP /mb, where
µP ∼ 2 GeV is the chiral scale parameter. Thus in both of QCDF [8, 9, 10] and PQCD [11, 12, 13] approaches, it has
been incorporated in the phenomenological analysis. In the framework of SCET, the complete operator basis and the
corresponding factorization formulae for the chiraly enhanced penguin are recently derived in Ref. [23, 24] and the
amplitudes do not suffer from additional endpoint singularities. The factorization formula will introduce a new form
factor ζχ and a new light-cone distribution amplitude φ
pp.
As discussed in Ref. [23], there are three different kinds of chiraly enhanced penguin operators in SCETI : Q
1χ
A ,
Q
(1χ)
B and Q
(2χ)
B . The basis for the Q
(1χ)
A -type operators is given by:
Q
(1χ)
1(qfq) =
1
mb
[(q¯Wc1)(1− γ5)hv]
[
(s¯Wc2)(tn−)
n/−
n−v
i∂/⊥(1 + γ5)(W
†
c2q)
]
,
Q
(1χ)
2(qfq) = Q
(1χ)
1(qfq)
3
2
eq. (31)
These two operators Q
(1χ)
1,2 will contribute to B → PP, V P, VLVL decays (here VL denotes a longitudinally polarized
vector meson). There are in addition several operators omitted here, as they can only contribute to B → VTVT
decays (VT denotes a transversely polarized vector meson). The second kinds of operators which are responsible for
B → PP, V P, VLVL decays are given by:
Q
(2χ)
1(qfq) =
−1
mb
[
(q¯Wc1)
1
n+ · i∂ i∂⊥ · (W
†
c1iD⊥c1Wc1)(sn+)(1 + γ5)hv
]
×
[
(s¯Wc2)(tn−)n/−(1− γ5)(W †c2q)
]
, (32)
Q
(2χ)
2(fuu) =
−1
mb
[
(s¯Wc1)
1
n+ · i∂ i∂⊥ · (W
†
c1iD⊥c1Wc1)(sn+)(1 + γ5)hv
]
×
[
(u¯Wc2)(tn−)n/−(1 + γ5)(W
†
c2u)
]
, (33)
Q
(2χ)
3(qfq) =
−1
m2b
[
(q¯Wc1)(W
†
c1iD/⊥c1Wc1)(sn+)(1 − γ5)hv
]
×
[
(s¯Wc2)(tn−)
n/−
n−v
i∂/⊥(1 + γ5)(W
†
c2q)
]
, (34)
Q
(2χ)
4(qfq) =
3
2
eqQ
(2χ)
3(qfq), (35)
plus operators with the same Dirac structure but different flavors, Q
(2χ)
1(ufu) and Q
(2χ)
1(fuu). If n−-iso-singlet operators are
included, we have two additional operators Q
(2χ)
1(fqq) and Q
(2χ)
2(fqq). Operators Q
(2χ)
1−4 contribute to B → PP, V P, VLVL
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decays, while operators which only contribute to B → VTVT decays are also given in Ref. [23] but omitted here, since
we mainly concentrate on B → PP and B → V P decays.
Matching from QCD to SCETI , one obtains the effective Hamiltonian expressed by the (1χ) and (2χ)-type operators
contributing to B → PP, V P, VLVL decays:
Hχeff =
GF√
2
[∫
dtˆcˆχ
i(F )(tˆ)Q
(1χ)
i(F )(t) +
∫
dtˆdsˆbˆχ
i(F )(tˆ, sˆ)Q
(2χ)
i(F )(t, s)
]
, (36)
where the indices run over the operator number i and possibilities for the flavors F for the Qi(F ). cˆ
χ
i(F ) and bˆ
χ
i(F ) are
the short-distance Wilson coefficients in coordinate space. At tree level, the corresponding coefficients in momentum
space are:
cχ1(qfq) = λ
(f)
t (C6 +
C5
Nc
)
1
uu¯
, cχ2(qfq) = λ
(f)
t (C8 +
C7
Nc
)
1
uu¯
,
bχ1(qfq) = λ
(f)
t
[
1 + uz
uz
(
C3
Nc
− C9
2Nc
) + C4 − C10
2
]
, bχ2(fuu) = 3λ
(f)
t [C7 +
C8
Nc
− C8
u¯zNc
],
bχ1(ufu) =
2(1 + uz)
uz
(
−C2
Nc
λ(f)u +
3C9
2Nc
λ
(f)
t
)
− (2C1λ(f)u − 3C10λ(f)t ),
bχ1(fuu) =
2(1 + uz)
uz
(
−C1
Nc
λ(f)u +
3C10
2Nc
λ
(f)
t
)
− (2C2λ(f)u − 3C9λ(f)t ),
bχ3(qfq) = λ
(f)
t (C6 +
C5
Nc
)
1
uu¯
, bχ4(qfq) = λ
(f)
t (C8 +
C7
Nc
)
1
uu¯
. (37)
Matrix elements for these operators can be parametrized into the following universal distributions:
〈M |
[
(q¯Wc1)
1
n¯ · i∂ i∂⊥ · (W
†
c1iD⊥c1Wc1)(sn+)(1 + γ5)hv
]
|B¯〉 = −µMmB
6
∫
dzeimBz·sζBMχ (z),
〈M(p)|
[
(s¯Wc2)(tn−)
n/−
n−v
i∂/⊥(1 + γ5)(W
†
c2q)
]
|0〉 = − ifMµM
3
∫ 1
0
dueiutˆφppM (u), (38)
where µM is the chiral scale parameter which is set to zero for vector mesons. Using equation of motion, the pseudo-
scalar’s light-cone distribution amplitude φppP (u) can be related to ones defined in QCD [24, 36]:
φppP (u) = 3u
[
φp +
φ′σ
6
+
2f3P
fPµP
∫
dv
v
φ3P (u− v, u)
]
. (39)
In the Wandzura-Wilczek approximation, φ3P vanishes and one gets φ
pp
P (u) = 6u(1 − u) for the asymptotic form.
With the above matrix elements, generic decay amplitudes from the chiral enhanced penguin could be written as:
Aχ(B →M1M2) = GF√
2
m2B
{
− µM1fM1
3mB
∫
duφM1pp (u)T
χ
1 (u)ζ
BM2
−µM1fM1
3mB
∫
dudzφM1pp (u)T
χ
1J(u, z)ζ
BM2
J (z)
−µM1fM1
3mB
∫
duφM1pp (u)T
χ
1g(u)ζ
BM2
g
−µM1fM1
3mB
∫
dudzφM1pp (u)T
χ
1Jg(u, z)ζ
BM2
Jg (z)
−µM2fM1
6mB
∫
dudzφM1(u)Tχ(u, z)ζ
BM2
χ (z) + (1↔ 2)
}
, (40)
where ζχ(z) can be expressed as convolutions of LCDAs and jet functions:
ζBMχ (z) =
fBfM
mb
∫ 1
0 dx
∫∞
0 dk
+ J⊥(z,k
+,x)
1−z φ
+
B(k
+)φMpp(x). (41)
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Here J⊥(z, x, k+) = δ(x − z)παsCF /(Nc x¯k+) at lowest order.
As emphasized in section II, the leading power SCET phenomenological analysis is very useful especially at tree
level. It does simplify the analysis. Even taking into account the first four terms in Eq. (40), the scheme for
phenomenological studies will remain. But considering the chiraly enhanced penguins, the factorization formulae
involves a new form factor ζχ which can not be simplified into a normalization constant even at tree level. As shown
in Ref. [23], the fifth term proportional to ζχ is small which does not give sizable contributions. Thus in our analysis,
we neglect it and only consider the first four terms:
Aχ(B →M1M2) = ±GF√
2
m2B
(
−2µM1fM1
mB
){
T χ1 ζ
BM2 + T χ1Jζ
BM2
J + T
χ
1gζ
BM2
g + T
χ
1Jgζ
BM2
Jg
+(1↔ 2)
}
. (42)
For B → PP decays, the chiraly enhanced penguin takes a plus sign; while in B → V P decays, when emitting a
pseudoscalar meson, the amplitude take a minus sign; when a vector meson emitted, there is no contribution from
chiraly enhanced penguin since µV = 0.
IV. NUMERICAL ANALYSIS OF B → V P DECAYS
A. Input parameters
In the factorization formulae, we will use the following values for decay constants of the light pseudo-scalars and
vector mesons ( in units of GeV):
fπ = 0.131, fK = 0.160, fηq = 1.07fπ = 0.140, fηs = 1.34fπ = 0.176,
fρ = 0.209, fK∗ = 0.217, fω = 0.195, fφ = 0.231. (43)
The mixing angle between ηq and ηs is chosen as θ = 39.3
◦ [33, 34, 35]. For the CKM matrix elements and CKM
angles, we use the updated global fit results from CKMfitter group [37]:
Vud = 0.97400, Vus = 0.22653, |Vub| = (3.57+0.17−0.17)× 10−3,
Vcd = −0.22638, Vcs = 0.97316, Vcb = (40.5+3.2−2.9)× 10−3,
|Vtd| = (8.68+0.25−0.33)× 10−3, |Vts| = (40.7+0.9−0.8)× 10−3, Vtb = 0.999135,
β = (21.7+0.017−0.017)
◦, γ = (67.6+2.8−4.5)
◦, ǫ = (1.054+0.049−0.051)
◦. (44)
For the inverse moments of light-cone distribution amplitudes for pseudo-scalar mesons, we use the same value as in
Ref. [30]:
〈x−1〉π = 〈x−1〉ηq = 〈x−1〉ηs = 3.3, 〈x−1〉K = 3.24, 〈x−1〉K¯ = 3.42, (45)
where the inverse moment of vector mesons’ light-cone distribution amplitudes are obtained utilizing the Gegenbauer
moments evaluated in QCD sum rules [38]:
〈x−1〉ρ = 〈x−1〉ω = 3.45, 〈x−1〉φ = 3.54, 〈x−1〉K∗ = 2.79, 〈x−1〉K¯∗ = 3.81. (46)
For the chiral scale parameters, we use a universal value µP = 2.0 GeV for pseudo-scalars and µV = 0 for vectors.
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The experimental data of B → PP and B → V P branching ratios, the direct CP asymmetries and the parameters
in B0/B¯0 → π±ρ∓ decays (which are defined in Eq. (73), Eq. (74) and Eq. (75)) are given by Heavy-Flavor-Averaging-
Group (HFAG) [39] and Particle-Data-Group (PDG) [40]. The following mixing-induced CP asymmetries in B → PP
and B → V P decays are also used in our analysis:
−ηfS(KSη′) = 0.61± 0.07, −ηfS(KSπ0) = 0.38± 0.19, S(π+π−) = −0.61± 0.08,
−ηfS(φKS) = 0.39± 0.17, S(π0ρ0) = 0.12± 0.38,
−ηfS(ρ0KS) = 0.61+0.22−0.24 ± 0.09± 0.08 = 0.61+0.25−0.27, −ηfS(ωKS) = 0.48± 0.24, (47)
where ηf is the CP eigenvalue for the final state f . The branching ratio of B¯
0 → K¯∗0π0 is not used in this fitting,
since the experimental data could only be viewed as an upper bound.
b qb
q¯q¯d(s) d(s)
q¯′ q¯′ q¯′
b qb q
q¯q¯d(s) d(s)
q¯′ q¯′ q¯′ q¯′
q
q¯′
FIG. 1: Feynman diagrams for chiraly enhanced penguins (left) and charming penguins (right). The two diagrams in the lower
line only contribute to decays involving η or η′, where q = q′.
With these data for branching fractions and CP asymmetries, χ2 fit method is used to determine the non-
perturbative inputs: form factors and charming penguins. Straightforwardly, we obtain the two solutions for nu-
merical results of the 16 non-perturbative inputs. At leading order and leading power accuracy, the first solution is
(the charming penguins are given in units of GeV):
ζP = (12.8± 1.2)× 10−2, ζPJ = (7.2± 0.7)× 10−2,
ζV = (12.4± 1.8)× 10−2, ζVJ = (10.8± 1.9)× 10−2,
ζg = (−5.3± 2.2)× 10−2, ζJg = (−2.3± 2.9)× 10−2,
|APPcc | = (48.1± 0.6)× 10−4, arg[APPcc ] = (167.5± 2.5)◦,
|AV Pcc | = (40.6± 0.9)× 10−4, arg[AV Pcc ] = (10.7± 4.3)◦,
|APVcc | = (30.7± 1.3)× 10−4, arg[APVcc ] = (194.3± 4.6)◦,
|APPccg | = (38.4± 1.9)× 10−4, arg[APPccg ] = (83.0± 3.8)◦,
|AV Pccg | = (23.0± 2.4)× 10−4, arg[AV Pccg ] = (38.4± 23.0)◦, (48)
13
and one can obtain the predictions for B → P (here P denotes a pseudoscalar except η and η′) and B → V form
factors at tree level:
FB→P = ζP + ζPJ = 0.201± 0.015, AB→V0 = ζV + ζVJ = 0.232± 0.037. (49)
In the above equations (and also in the following), the uncertainties are obtained through the χ2-fit program. After
including the chiraly enhanced penguin, the numerical results for these inputs are (the charming penguins are given
in units of GeV):
ζP = (13.7± 0.8)× 10−2, ζPJ = (6.9± 0.7)× 10−2,
ζV = (11.7± 1.0)× 10−2, ζVJ = (11.6± 0.9)× 10−2,
ζg = (−4.9± 2.4)× 10−2, ζJg = (−2.7± 3.2)× 10−2,
|APPcc | = (40.0± 0.6)× 10−4, arg[APPcc ] = (165.2± 2.8)◦,
|AV Pcc | = (41.0± 0.9)× 10−4, arg[AV Pcc ] = (11.9± 4.2)◦,
|APVcc | = (39.9± 1.0)× 10−4, arg[APVcc ] = (191.5± 3.6)◦,
|APPccg | = (37.7± 1.8)× 10−4, arg[APPccg ] = (88.3± 4.1)◦,
|AV Pccg | = (25.3± 2.3)× 10−4, arg[AV Pccg ] = (−18.7± 12.3)◦, (50)
which gives the predictions for B → P and B → V form factors at tree level:
FB→P = 0.206± 0.004, AB→V0 = 0.233± 0.017. (51)
As shown in Fig. 1, chiraly enhanced penguins have the same topology with the charming penguins. The former
two diagrams do not only contribute to decays without iso-singlet mesons η or η′ but also decays with these mesons.
The two diagrams in the lower line only contribute to decays involving η or η′, where q = q′. The inclusion of chirally
enhanced penguin will mainly change the size of three charming penguins APPcc , A
PP
ccg , A
PV
cc . Predictions for branching
fractions and CP asymmetries will not be changed sizably. After including the chiraly enhanced penguins, the total
χ2/d.o.f for observables B → PP and B → V P is 301/(86− 16). If only the 55 observables in B → V P decays are
concerned, the total χ2 is 112.
Besides the above results, there is another solution at leading power:
ζP = (13.4± 0.3)× 10−2, ζPJ = (5.8± 0.4)× 10−2,
ζV = (22.9± 1.3)× 10−2, ζVJ = (6.6± 1.4)× 10−2,
ζg = (−10.3± 1.2)× 10−2, ζJg = (5.8± 1.5)× 10−2,
|APPcc | = (48.4± 0.4)× 10−4, arg[APPcc ] = (167.1± 2.6)◦,
|AV Pcc | = (29.7± 0.8)× 10−4, arg[AV Pcc ] = (159.3± 6.9)◦,
|APVcc | = (44.9± 1.1)× 10−4, arg[APVcc ] = (−10.5± 2.9)◦,
|APPccg | = (38.4± 2.2)× 10−4, arg[APPccg ] = (83.8± 4.5)◦,
|AV Pccg | = (18.6± 2.3)× 10−4, arg[AV Pccg ] = (220.6± 10.7)◦, (52)
which gives:
FB→P = 0.192± 0.005, AB→V0 = 0.295± 0.009. (53)
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With the inclusion of chirally enhanced penguin, these inputs become:
ζP = (14.1± 0.8)× 10−2, ζPJ = (5.6± 0.7)× 10−2,
ζV = (22.7± 1.7)× 10−2, ζVJ = (6.5± 1.8)× 10−2,
ζg = (−10.0± 0.9)× 10−2, ζJg = (5.1± 1.1)× 10−2,
|APPcc | = (40.6± 0.6)× 10−4, arg[APPcc ] = (164.9± 2.8)◦,
|AV Pcc | = (29.4± 0.8)× 10−4, arg[AV Pcc ] = (158.4± 5.8)◦,
|APVcc | = (33.5± 1.1)× 10−4, arg[APVcc ] = (−14.3± 3.8)◦,
|APPccg | = (37.8± 1.3)× 10−4, arg[APPccg ] = (87.5± 2.1)◦,
|AV Pccg | = (18.3± 2.4)× 10−4, arg[AV Pccg ] = (225.6± 10.0)◦, (54)
with the form factors:
FB→P = 0.198± 0.003, AB→V0 = 0.291± 0.011. (55)
The corresponding χ2 = 271/(86− 16) (χ2 for the 55 observables in all B → V P decays is 69). Comparing the results
in the leading order analysis and those with chiraly enhanced penguins, we can see that the charming penguins APPcc
and APVcc are changed sizably. It is reasonable since chiraly enhanced penguins and charming penguins have the same
topology. The phase of AV Pccg is also changed sizably. It implies that the total statistical significance χ
2 is not very
sensitive to arg[AV Pccg ]. The large error in this parameter also confirms this feature.
Using the two solutions for these non-perturbative inputs, we obtain two different kinds of predictions (labeled as
This work 1 and This work 2) on branching fractions and CP asymmetries, where the chiraly enhanced penguins
are taken into account. As we have shown in the above, the leading power results are not very different from these
results, as the inclusion of chiraly enhanced penguins only amounts to a redefinition of charming penguins. Results
for CP-averaged branching fractions are summarized in table I, table III and table V, while predictions on direct
CP asymmetries are given in table II, table IV and table VI. In B0/B¯0 → π±ρ∓ decays, it is easy to identify
the final state mesons. Thus one can sum B0/B¯0 → π−ρ+ up as one channel, although the summed channels
are not CP conjugates. The B0/B¯0 → π+ρ− can be summed as another channel and it is also similar for the
branching ratios of B0/B¯0 → K∗K and B0s/B¯0s → K∗K decays. In table I and table V, we give our predictions
on the summed branching ratios in B0/B¯0 → π±ρ∓,K∗0K¯0(K¯∗0K0) and two Bs → K∗K decays. We also give the
predictions on the sum of the CP-averaged branching ratios of B¯0 → π−ρ+ and B¯0 → π+ρ− and the other three
B(s) decays in table I and table VI. In order to compare with QCDF approach [10, 41, 42, 43, 44, 45] and PQCD
approach [46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58], we also collect their results in these tables, together with
the experimental data available at HFAG [39].
Due to several approximations are made in this work, there are some important possible corrections which we would
like to address. First of all, our results for the 16 inputs are obtained through the exact flavor SU(3) symmetry for
the form factors and charming penguins. The amplitudes may receive sizable corrections from the SU(3) symmetry
breaking effect proportional to ms/ΛQCD ∼ 0.3. Secondly, since we have concentrated on the leading order analysis,
the radiative corrections proportional to αs(
√
mbΛQCD)/π ∼ 0.1 are also neglected. Although we have included one of
the most important power corrections (chiraly enhanced penguins), the other parts of power corrections proportional
to λ =
√
ΛQCD/mb ∼ 0.3 are not incorporated in our analysis. At last, there are also uncertainties from the input
parameters such as the b quark mass, Wilson coefficients, etc. To characterize these effects, we vary the magnitudes of
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the non-perturbative charming penguins by 20% and the phases by 20◦. We also assume that the gluonic form factors
ζg and ζJg have additional uncertainties (±0.05). In the predictions for branching fractions and CP asymmetries
collected in tables I, III V, II, IV and VI, the first kinds of uncertainties are from these hadronic uncertainties:
charming penguins and gluonic form factors; the second kinds of uncertainties are from those in the CKM matrix
elements.
B. b→ d transitions without η(′)
b → d transitions are induced by the operators whose CKM matrix elements are VubV ∗id(i = u, c, t). To make it
clear, we decompose the decay amplitudes into three terms according to the CKM matrix elements:
A(B →M1M2) = GF√
2
m2B {VubV ∗udAu + VcbV ∗cdAc − VtbV ∗tdAt} , (56)
where Ac is from the charming penguin term. The decomposition is over complete since the unitarity property of
CKM matrix can be used to eliminate one of the three combinations of CKM matrix elements. We keep all of them
according to the different dynamics in the corresponding amplitudes. The values for CKM matrix elements:
|VubV ∗ud| = 3.48× 10−3, |VcbV ∗cd| = 9.17× 10−3, |VtbV ∗td| = 8.60× 10−3 (57)
will definitely character the branching fractions and CP asymmetries.
B¯0 → π±ρ∓ are dominated by tree operators which has the CKM matrix elements: VubV ∗ud. To illustrate the
situation, we will use the second kind of inputs given in Eq. (54) and take B¯0 → ρ+π− as an example (in units of
GeV):
|Au(B¯0 → ρ+π−)| = 0.131× (1.03ζV + 0.77ζVJ ) ∼ 260× 10−4,
|Ac(B¯0 → ρ+π−)| = |APVcc | ∼ (30 ∼ 40)× 10−4,
|At(B¯0 → ρ+π−)| = |0.131(−0.0015ζV − 0.007ζVJ )| ∼ 5× 10−4. (58)
Our predictions on branching fractions of B¯0 → π±ρ∓ decays are smaller than those in QCDF [10]. Neglecting
the small terms, the main reason is our smaller B → P and B → V form factors: QCDF uses much larger form
factors FB→π = 0.28 ± 0.05 and AB→ρ0 = 0.37 ± 0.06. In the present framework, BR(B¯0 → ρ+π−) is smaller than
BR(B¯0 → ρ−π+). In the first solution, the fitted B → V form factor A0 = 0.233 is almost equal with the B → P
form factor F = 0.206. Since the decay constant of ρ meson is much larger than that of π: 0.209/0.131 ∼ 1.5, we
expect BR(B¯0 → ρ+π−) is only one half of BR(B¯0 → ρ−π+). Charming penguins AV Pcc and APVcc can slightly change
the ratio: the charming penguin APVcc in B¯
0 → ρ+π− gives a destructive contribution, while AV Pcc in B¯0 → ρ−π+
gives a constructive contribution. In the second solution, contributions proportional to form factors are almost equal
with each other, as the B → V form factor AB→V0 = 0.291 is much larger than FB→P = 0.198 which can compensate
differences caused by decay constants. But unlike in the first solution, the role of charming penguin totally changes: the
charming penguin in B¯0 → ρ+π− gives a constructive contribution, while AV Pcc in B¯0 → ρ−π+ can give a destructive
contribution. It is reasonable, since the charming penguins AV Pcc and A
PV
cc almost interchanges the phases.
Our predictions for branching ratios of B¯0 → π0ρ0 are larger than that in QCDF especially the prediction utilizing
the inputs given in Eq. (50). In this channel, two kinds of charming penguin almost cancel with each other, since they
have similar magnitudes and but different signs as given in Eq. (50) and Eq. (54). The tree contribution proportional
to the soft form factor ζ is color-suppressed (the Wilson coefficient C2 +
C1
Nc
∼ 0.12 is small compared with that of
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TABLE I: Branching ratios (in units of 10−6) of B → V P decays induced by the b → d (∆S = 0) transition: the first
solution (This work 1) and the second solution (This work 2). In both cases, we have included the chiraly enhanced penguin
in B → V P decay amplitudes. The first kinds of uncertainties are from uncertainties in charming penguins and gluonic form
factors as discussed in the text; the second kinds of uncertainties are from those in the CKM matrix elements. We also cite the
experimental data and theoretical results given in QCDF [10] and PQCD [46, 52, 54, 57] approach to make a comparison.
Channel Exp. QCDF PQCD This work 1 This work 2
B− → ρ−pi0 10.9+1.4−1.5 14.0
+6.5+5.1+1.0+0.8
−5.5−4.3−0.6−0.7 6-9 8.9
+0.3+1.0
−0.1−1.0 11.4
+0.6+1.1
−0.6−0.9
B− → ρ0pi− 8.7+1.0−1.1 11.9
+6.3+3.6+2.5+1.3
−5.0−3.1−1.2−1.1 10.4
+3.3
−3.4 ± 2.1 10.7
+0.7+1.0
−0.7−0.9 7.9
+0.2+0.8
−0.1−0.8
B− → ωpi− 6.9± 0.5 8.8+4.4+2.6+1.8+0.8−3.5−2.2−0.9−0.9 11.3
+3.3
−2.9 ± 1.4 6.7
+0.4+0.7
−0.3−0.6 8.5
+0.3+0.8
−0.3−0.8
B− → K∗0K− < 1.1 0.30+0.11+0.12+0.09+0.57−0.09−0.10−0.09−0.19 0.31
+0.12
−0.08 0.49
+0.26+0.09
−0.20−0.08 0.51
+0.18+0.07
−0.16−0.06
B− → K∗−K0 0.30+0.08+0.41+0.08+0.58−0.07−0.18−0.07−0.17 1.83
+0.68
−0.47 0.54
+0.26+0.10
−0.21−0.08 0.51
+0.21+0.08
−0.17−0.07
B− → φpi− < 0.24 ≈ 0.005 ≈ 0.003 ≈ 0.003
B
0
→ ρ−pi+
B¯0 → ρ+pi−
o
24.0 ± 2.5 36.5+18.2+10.3+2.0+3.9−14.7− 8.6−3.5−2.9 18-45 13.4
+0.6+1.2
−0.5−1.2 16.8
+0.5+1.6
−0.5−1.5
B0/B¯0 → ρ+pi− 24-34 12.0+1.9+1.2−1.6−1.1 14.8
+1.6+1.5
−1.5−1.4
B0/B¯0 → ρ−pi+ 24-34 14.9+1.9+1.3−1.9−1.3 18.7
+1.5+1.7
−1.6−1.6
B¯0 → ρ+pi−a 8.9± 2.5 15.4+8.0+5.5+0.7+1.9−6.4−4.7−1.3−1.3 5.9
+0.5+0.5
−0.5−0.5 6.6
+0.2+0.7
−0.1−0.7
B¯0 → ρ−pi+a 13.9 ± 2.7 21.2+10.3+8.7+1.3+2.0− 8.4−7.2−2.3−1.6 7.5
+0.3+0.8
−0.1−0.8 10.2
+0.4+0.9
−0.5−0.9
B¯0 → ρ0pi0 1.8+0.6−0.5 0.4
+0.2+0.2+0.9+0.5
−0.2−0.1−0.3−0.3 0.07-0.11 2.5
+0.2+0.2
−0.1−0.2 1.5
+0.1+0.1
−0.1−0.1
B¯0 → ωpi0 < 1.2 0.01+0.00+0.02+0.02+0.03−0.00−0.00−0.00−0.00 0.10-0.28 0.0003
+0.0299+0.0000
−0.0000−0.0000 0.015
+0.024+0.002
−0.000−0.002
B¯0 → K∗0K¯0 0.26+0.08+0.10+0.08+0.46−0.07−0.09−0.08−0.15 0.45
+0.24+0.09
−0.19−0.07 0.47
+0.17+0.06
−0.14−0.05
B¯0 → K¯∗0K0 < 1.9 0.29+0.10+0.39+0.08+0.60−0.09−0.17−0.07−0.17 0.51
+0.24+0.09
−0.20−0.08 0.48
+0.20+0.07
−0.16−0.06
B¯0 → K∗0K¯0
B¯0 → K¯∗0K0
o
≈ 1.96 0.96+0.34+0.18−0.27−0.15 0.95
+0.26+0.14
−0.22−0.12
B0/B¯0 → K∗0K¯0 0.95+0.34+0.18−0.27−0.15 0.94
+0.26+0.14
−0.22−0.12
B0/B¯0 → K¯∗0K0 0.97+0.35+0.18−0.27−0.15 0.97
+0.26+0.14
−0.22−0.12
B¯0 → φpi0 < 0.28 ≈ 0.002 ≈ 0.001 ≈ 0.001
B− → ρ−η 5.4± 1.2 9.4+4.6+3.6+0.7+0.7−3.7−3.0−0.4−0.7 8.5
+3.0+0.8+0.4+1.2
−2.1−0.7−0.4−0.2
b 3.9+2.0+0.4−1.7−0.4 3.3
+1.9+0.3
−1.6−0.3
B− → ρ−η′ 9.1+3.7−2.8 6.3
+3.1+2.4+0.5+0.5
−2.5−2.0−0.3−0.5 8.7
+3.0+0.7+0.5+1.1
−2.2−0.9−0.7−0.3
b 0.37+2.46+0.08−0.22−0.07 0.44
+3.18+0.06
−0.20−0.05
B¯0 → ρ0η < 1.5 0.03+0.02+0.16+0.02+0.05−0.01−0.10−0.01−0.02 0.024
+0.012+0.004+0.002+0.102
−0.007−0.002−0.002−0.005
b 0.04+0.20+0.00−0.01−0.00 0.14
+0.33+0.01
−0.13−0.01
B¯0 → ρ0η′ < 1.3 0.01+0.01+0.11+0.02+0.03−0.00−0.06−0.00−0.01 0.061
+0.030+0.004+0.003+0.114
−0.018−0.003−0.003−0.009
b 0.43+2.51+0.05−0.12−0.05 1.0
+3.5+0.1
−0.9−0.1
B¯0 → ωη < 1.9 0.31+0.14+0.16+0.35+0.22−0.12−0.11−0.14−0.16 0.27
+0.11
−0.10 0.91
+0.66+0.09
−0.49−0.09 1.4
+0.8+0.1
−0.6−0.1
B¯0 → ωη′ < 2.2 0.20+0.10+0.15+0.25+0.15−0.08−0.05−0.10−0.11 0.075
+0.037
−0.033 0.18
+1.31+0.04
−0.10−0.03 3.1
+4.9+0.3
−2.6−0.3
B¯0 → φη < 0.6 ≈ 0.001 0.0063+0.0033−0.0019 ≈ 0.0004 ≈ 0.0008
B¯0 → φη′ < 0.5 ≈ 0.001 0.0073+0.0035−0.0026 ≈ 0.0001 ≈ 0.0007
aWe quote the branching ratios for B¯0 → ρ+pi− and B¯0 → ρ+pi− from Ref. [59].
bFor B → ρη decays, there are two different predictions given in Ref. [52] according to the different mixing angles between η and η′. We
quote the results in which θP = −10
◦ is used. There are not too many changes for the other predictions as the value for the mixing angle
θP = −17
◦ is very close to the first one.
B¯0 → ρ±π∓ C1 + C2Nc ∼ 1.03), thus the branching fractions of B¯0 → π0ρ0 in QCDF approach and PQCD approach
are much smaller than BR(B¯0 → ρ±π∓). One important feature of the SCET framework is: the hard-scattering
form factor ζJ is relatively large and comparable with the soft form factor ζ. Besides, this term has a large Wilson
coefficient bf1 , since C2 +
1
Nc
(1 − mb
ω3
)C1 ∼ 1.23 is large, it can give larger production rates which are consistent with
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TABLE II: Direct CP asymmetries involving b → d (∆S = 0) transitions: the first solution (This work 1) and the second
solution (This work 2). In both solutions, we have included the chiraly enhanced penguin in B → V P decay amplitudes. The
first kinds of uncertainties are from uncertainties in charming penguins and gluonic form factors which are discussed in the
text; the second kinds of uncertainties are from those in the CKM matrix elements. We also cite the experimental data and
theoretical results given in QCDF [10] and PQCD [46, 52, 54, 57] approach to make a comparison.
Channel Exp. QCDF PQCD This work 1 This work 2
B− → ρ−pi0 2± 11 −4.0+1.2+1.8+0.4+17.5−1.2−2.2−0.4−17.7 0-20 15.5
+16.9+1.6
−18.9−1.4 12.3
+9.4+0.9
−10.0−1.1
B− → ρ0pi− −7+12−13 4.1
+1.3+2.2+0.6+19.0
−0.9−2.0−0.7−18.8 −20-0 −10.8
+13.1+0.9
−12.7−0.7 −19.2
+15.5+1.7
−13.4−1.9
B− → ωpi− −4± 6 −1.8+0.5+2.7+0.8+2.1−0.5−3.3−0.7−2.2 ∼ 0 0.5
+19.1+0.1
−19.6−0.0 2.3
+13.4+0.2
−13.2−0.2
B− → K∗0K− ... −23.5+6.9+7.8+5.5+25.2−5.7−9.0−6.5−36.8 −20± 5± 2 −3.6
+6.1+0.4
−5.3−0.4 −4.4
+4.1+0.2
−4.1−0.2
B− → K∗−K0 ... −13.4+3.7+7.8+4.2+27.4−3.0−3.5−4.7−36.7 −49
+7+7
−3−7 −1.5
+2.6+0.1
−2.3−0.1 −1.2
+1.7+0.1
−1.7−0.1
B¯0 → ρ+pi− −18± 12 0.6+0.2+1.3+0.1+11.5−0.1−1.6−0.1−11.7 −9.9
+17.2+0.9
−16.7−0.7 −12.4
+17.6+1.1
−15.3−1.2
B¯0 → ρ−pi+ 11± 6 −1.5+0.4+1.2+0.2+8.5−0.4−1.3−0.3−8.4 11.8
+17.5+1.2
−20.0−1.1 10.8
+9.4+0.9
−10.2−1.0
B¯0 → ρ0pi0 −30± 38 −15.7+4.8+12.3+11.0+19.8−4.7−14.0−12.9−25.8 −75-0 −0.6
+21.4+0.1
−21.9−0.1 −3.5
+21.4+0.3
−20.3−0.3
B¯0 → ωpi0 ... ... −20-75 −9.4+24.0+1.1−0.0−0.9 39.5
+79.1+3.4
−185.5−3.1
B¯0 → K∗0K¯0 ... −26.7+7.4+7.2+5.7+10.9−5.7−9.0−6.9−13.4 −3.6
+6.1+0.4
−5.3−0.4 −4.4
+4.1+0.2
−4.1−0.2
B¯0 → K¯∗0K0 ... −13.1+3.8+5.4+4.5+5.8−3.0−2.9−5.2−7.4 −1.5
+2.6+0.1
−2.3−0.1 −1.2
+1.7+0.1
−1.7−0.1
B− → ρ−η 1± 16 −2.4+0.7+6.3+0.4+0.2−0.7−6.3−0.4−0.2 −13
+1.2+2
−0.5−14 −6.6
+21.5+0.6
−21.3−0.7 −9.1
+16.7+0.9
−15.8−0.8
B− → ρ−η′ −4± 28 4.1+1.2+7.9+0.5+7.0−1.1−6.9−0.8−7.0 −18
+3.0+1
−1.6−14 −19.8
+66.5+2.8
−37.5−3.1 −21.7
+135.9+2.1
−24.3−1.7
B¯0 → ρ0η ... ... −13+1.2+2−0.5−14 −46.7
+170.4+2.9
−74.3−3.7 33.3
+66.9+3.1
−62.4−2.8
B¯0 → ρ0η′ ... ... −18+3.0+1−1.6−14 −51.7
+103.3+3.4
−42.9−3.9 52.2
+19.9+4.4
−80.6−4.1
B¯0 → ωη ... −33.4+10.0+65.3+20.9+19.2− 9.5−55.8−21.4−20.8 −69.1
+15.1
−13.4 −9.4
+30.7+0.9
−30.2−1.0 −9.6
+17.8+0.9
−16.8−0.9
B¯0 → ωη′ ... 0.2+0.1+53.0+11.6+19.2−0.1−76.5−11.5−20.1 13.9
+4.1
−3.5 −43.0
+87.5+4.8
−38.8−5.1 −27.2
+18.1+2.4
−29.7−2.2
the present experimental data. The agreement is very encouraging.
Branching ratios of B → K∗K are larger than those in QCDF for the presence of charming penguins. In B− →
K∗−K0 and B¯0 → K¯∗0K0, both of penguin operators and charming penguins can give contributions. The difference
for these two channels is: the spectator antiquark in B− → K∗−K0 is u¯ and it is d¯ in B¯0 → K¯∗0K0. It does not
affect the contributions from either penguin operators or charming penguins, thus we expect the relations BR(B− →
K∗−K0) = BR(B¯0 → K¯∗0K0) and ACP (B− → K∗−K0) = ACP (B¯0 → K¯∗0K0). The small differences in branching
fractions are induced by the different lifetimes of B− and B¯0. The analysis is similar for the other two b→ d modes:
B− → K−K∗0 and B¯0 → K¯0K∗0.
For the decays with sizable branching fractions, our predictions on direct CP asymmetries are typically small and
most of them have the correct sign with experimental data. Predictions in QCDF approach on these channels are
also small in magnitude, but some of them have different signs with our results and experimental data. In PQCD
approach, the strong phases mainly come from the (S−P )(S+P ) annihilation operators. These operators are chiraly
enhanced and the imaginary part are dominant. Thus the direct CP asymmetries in PQCD approach are typically
large in magnitude.
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TABLE III: Branching ratios (in units of 10−6) for ∆s = 1 processes: the first solution (This work 1) and the second solution
(This work 2). In both solutions, we have included the chiraly enhanced penguin in B → V P decay amplitudes. The first
kinds of uncertainties are from uncertainties in charming penguins and gluonic form factors which are discussed in the text; the
second kinds of uncertainties are from those in the CKM matrix elements. We also cite the experimental data and theoretical
results given in QCDF [10] and PQCD [51, 55] to make a comparison.
Channel Exp. QCDF PQCD This work 1 This work 2
B− → K∗−pi0 6.9± 2.3 3.3+1.1+1.0+0.6+4.4−1.0−0.9−0.6−1.4 4.3
+5.0
−2.2 4.2
+2.2+0.8
−1.7−0.7 6.5
+1.9+0.7
−1.7−0.7
B− → K¯∗0pi− 10.7± 0.8 3.6+0.4+1.5+1.2+7.7−0.3−1.4−1.2−2.3 6.0
+2.8
−1.5 8.5
+4.7+1.7
−3.6−1.4 9.9
+3.5+1.3
−3.0−1.1
B− → ρ0K− 4.25+0.55−0.56 2.6
+0.9+3.1+0.8+4.3
−0.9−1.4−0.6−1.2 5.1
+4.1
−2.8 6.7
+2.7+1.0
−2.2−0.9 4.6
+1.8+0.7
−1.5−0.6
B− → ρ−K¯0 8.0+1.5−1.4 5.8
+0.6+7.0+1.5+10.3
−0.6−3.3−1.3− 3.2 8.7
+6.8
−4.4 9.3
+4.7+1.7
−3.7−1.4 10.1
+4.0+1.5
−3.3−1.3
B− → ωK− 6.7± 0.5 3.5+1.0+3.3+1.4+4.7−1.0−1.6−0.9−1.6 10.6
+10.4
−5.8 5.1
+2.4+0.9
−1.9−0.8 5.9
+2.1+0.8
−1.7−0.7
B− → φK− 8.30± 0.65 4.5+0.5+1.8+1.9+11.8−0.4−1.7−2.1− 3.3 7.8
+5.9
−1.8 9.7
+4.9+1.8
−3.9−1.5 8.6
+3.2+1.2
−2.7−1.0
B¯0 → K¯∗0pi0 0.0+1.3−0.1 0.7
+0.1+0.5+0.3+2.6
−0.1−0.4−0.3−0.5 2.0
+1.2
−0.6 4.6
+2.3+0.9
−1.8−0.7 3.7
+1.4+0.5
−1.2−0.5
B¯0 → K¯∗−pi+ 9.8± 1.1 3.3+1.4+1.3+0.8+6.2−1.1−1.2−0.8−1.6 6.0
+6.8
−2.6 8.4
+4.4+1.6
−3.4−1.3 9.5
+3.2+1.2
−2.8−1.1
B¯0 → ρ0K¯0 5.4+0.9−1.0 4.6
+0.5+4.0+0.7+6.1
−0.5−2.1−0.7−2.1 4.8
+4.3
−2.3 3.5
+2.0+0.7
−1.5−0.6 5.8
+2.1+0.8
−1.8−0.7
B¯0 → ρ+K− 15.3+3.7−3.5 7.4
+1.8+7.1+1.2+10.7
−1.9−3.6−1.1− 3.5 8.8
+6.8
−4.5 9.8
+4.6+1.7
−3.7−1.4 10.2
+3.8+1.5
−3.2−1.2
B¯0 → ωK¯0 5.0± 0.6 2.3+0.3+2.8+1.3+4.3−0.3−1.3−0.8−1.3 9.8
+8.6
−4.9 4.1
+2.1+0.8
−1.7−0.7 4.9
+1.9+0.7
−1.6−0.6
B¯0 → φK¯0 8.3+1.2−1.0 4.1
+0.4+1.7+1.8+10.6
−0.4−1.6−1.9− 3.0 7.3
+5.9
−1.8 9.1
+4.6+1.7
−3.6−1.4 8.0
+3.0+1.1
−2.5−1.0
B− → K∗−η 19.3± 1.6 10.8+1.9+8.1+1.8+16.5−1.7−4.4−1.3− 5.5 22.13
+0.26
−0.27 17.9
+5.5+3.5
−5.4−2.9 18.6
+4.5+2.5
−4.8−2.2
B− → K∗−η′ 4.9+2.1−1.9 5.1
+0.9+7.5+2.1+6.7
−1.0−3.8−3.0−3.3 6.38 ± 0.26 4.5
+6.6+0.9
−3.9−0.8 4.8
+5.3+0.8
−3.7−0.6
B¯0 → K¯∗0η 15.9± 1.0 10.7+1.1+7.8+1.4+16.2−1.0−4.3−1.2− 5.5 22.31
+0.28
−0.29 16.6
+5.1+3.2
−5.0−2.7 16.5
+4.1+2.3
−4.3−2.0
B¯0 → K¯∗0η′ 3.8± 1.2 3.9+0.4+6.6+1.8+6.2−0.4−3.3−2.5−2.9 3.35
+0.29
−0.27 4.1
+6.2+0.9
−3.6−0.7 4.0
+4.7+0.7
−3.4−0.6
C. b→ s transitions without η and η′
Like b → d processes, b → s decay amplitudes can also be decomposed into three different parts according to the
CKM matrix elements. The values of the CKM matrix elements are given by:
|VubV ∗us| = 0.81× 10−3, |VcbV ∗cs| = 39.41× 10−3, |VtbV ∗ts| = 40.66× 10−3. (59)
Tree operators are highly CKM-suppressed, but the CKM matrix elements for the rest two kinds of contributions Ac
and At are in similar size. Together with the hierarchy in Wilson coefficients: C1,2 ≫ C3−10, charming penguins will
provide a dominant contribution. For example, the penguin operators in B− → π−K¯0 decay process is proportional
to a4 + rχa6, B
− → π−K¯∗0 is proportional to a4 while B− → ρ−K¯0 is proportional to a4 − rχa6, where a4,6 =
C4,6 + C3,5/Nc and rχ = 2µP /mb. Thus if we only consider the emission diagrams, BR(B− → π−K¯0) > BR(B− →
π−K¯∗0) > BR(B− → ρ−K¯0) holds, since a4 ∼ a6 and rχ ∼ 1. But in the present framework, contributions from
penguin operators proportional to VtbV
∗
ts do not play the most important role:
|At(B− → π−K¯0)| = |0.16× (−0.044ζP − 0.036ζPJ )| ∼ 15× 10−4,
|At(B− → ρ−K¯0)| = |0.16× (0.0004ζV + 0.004ζVJ )| ∼ 1× 10−4,
|At(B− → π−K¯∗0)| = |0.217× (−0.022ζP − 0.015ζPJ )| ∼ 10× 10−4. (60)
Compared with the results given in Eq. (50) and Eq. (54), we find penguin operators are smaller than charming
penguins. According to the size of charming penguins, we expect the relation BR(B− → ρ−K¯0) ∼ BR(B− → π−K¯∗0).
This is well consistent with the experimental data.
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TABLE IV: Direct CP asymmetries (in %) for ∆s = 1 processes: the first solution (This work 1) and the second solution (This
work 2). In both solutions, we have included the chiraly enhanced penguin in B → V P decay amplitudes. The first kinds of
uncertainties are from uncertainties in charming penguins and gluonic form factors which are discussed in the text; the second
kinds of uncertainties are from those in the CKM matrix elements. We also cite the experimental data and theoretical results
given in QCDF [10] and PQCD [51, 55] to make a comparison.
Channel Exp. QCDF PQCD This work 1 This work 2
B− → K∗−pi0 4± 29 8.7+2.1+5.0+2.9+41.7−2.6−4.3−3.4−44.2 −32
+21
−28 −17.8
+30.3+2.2
−24.6−2.0 −12.9
+12.0+0.8
−12.2−0.8
B− → K¯∗0pi− −8.5± 5.7 1.6+0.4+0.6+0.5+2.5−0.5−0.5−0.4−1.0 −1
+1
−0 0 0
B− → ρ0K− 31+11−10 −13.6
+4.5+6.9+3.7+62.7
−5.7−4.4−3.1−55.4 71
+25
−35 9.2
+15.2+0.7
−16.1−0.7 16.0
+20.5+1.3
−22.4−1.6
B− → ρ−K¯0 −12± 17 0.3+0.1+0.3+0.2+1.6−0.1−0.4−0.1−1.3 1± 1 0 0
B− → ωK− 2± 5 −7.8+2.6+5.9+2.4+39.8−3.0−3.6−1.9−38.0 32
+15
−17 11.6
+18.2+1.1
−20.4−1.1 12.3
+16.6+0.8
−17.3−1.1
B− → φK− 3.4± 4.4 1.6+0.4+0.6+0.5+3.0−0.5−0.5−0.3−1.2 1
+0
−1 0 0
B¯0 → K¯∗0pi0 ... −12.8+4.0+4.7+2.7+31.7−3.2−7.0−4.0−35.3 −11
+7
−5 5.0
+7.5+0.5
−8.4−0.5 5.4
+4.8+0.4
−5.1−0.5
B¯0 → K¯∗−pi+ −5± 14 2.1+0.6+8.2+5.1+62.5−0.7−7.9−5.8−64.2 −60
+32
−19 −11.2
+19.0+1.3
−16.2−1.3 −12.2
+11.4+0.8
−11.3−0.8
B¯0 → ρ0K¯0 −2± 27± 8± 6 7.5+1.7+2.3+0.7+8.8−2.1−2.0−0.4−8.7 7
+8
−5 −6.6
+11.6+0.8
−9.7−0.9 −3.5
+4.8+0.3
−4.8−0.2
B¯0 → ρ+K− 22± 23 −3.8+1.3+4.4+1.9+34.5−1.4−2.7−1.6−32.7 64
+24
−30 7.1
+11.2+0.7
−12.4−0.7 9.6
+13.0+0.7
−13.5−0.9
B¯0 → ωK¯0 21± 19 −8.1+2.5+3.0+1.7+11.8−2.0−3.3−1.4−12.9 −3
+2
−3 5.2
+8.0+0.6
−9.2−0.6 3.8
+5.2+0.3
−5.4−0.3
B¯0 → φK¯0 1± 12 1.7+0.4+0.6+0.5+1.4−0.5−0.5−0.3−0.8 3
+1
−2 0 0
B− → K∗−η 2± 6 3.5+0.9+1.9+0.8+20.7−0.9−2.7−0.8−20.5 −24.57
+0.72
−0.27 −2.6
+5.4+0.3
−5.5−0.3 −1.9
+3.4+0.1
−3.6−0.1
B− → K∗−η′ 30+33−37 −14.2
+4.7+ 8.5+ 4.9+27.5
−4.2−13.8−14.6−26.1 4.60
+1.16
−1.32 2.7
+27.4+0.4
−19.5−0.3 2.6
+26.7+0.2
−32.9−0.2
B¯0 → K¯∗0η 19± 5 3.8+0.9+1.1+0.2+3.8−1.1−0.8−0.2−3.5 0.57 ± 0.011 −1.1
+2.3+0.1
−2.4−0.1 −0.7
+1.2+0.1
−1.3−0.0
B¯0 → K¯∗0η′ −8± 25 −5.5+1.6+3.1+1.8+6.2−1.3−5.1−5.9−7.0 −1.30 ± 0.08 9.6
+8.9+1.3
−11.0−1.2 9.9
+6.2+0.9
−4.3−0.9
From table IV, we can see the direct CP asymmetries of B− → K¯∗0π−, B− → K¯0ρ−, B− → K−φ and B− → K¯0φ
are zero. In these channels, tree operators do not contribute. The weak phases for penguin operators and charming
penguins are equal to each other, which can not induce any direct CP violations. CP asymmetries in other channels
are not large, because the strong phases of charming penguins are either close to 0◦ or 180◦ and imaginary parts are
accordingly small. The PQCD results for most B → K∗π and B → ρK channels are much larger than ours, since
they have more large imaginary part from annihilation diagrams. The QCDF results are small and comparable with
ours but with a relative minus sign. We have to wait for the experiment data to resolve this disagreements.
D. B Decays involving η or η′
As we can see from table I, there is about 3.1σ deviation for our prediction on the branching ratio of B− → ρ−η′
from the experimental data. Contributions from penguin operators are suppressed by the CKM matrix elements
as given in Eq. (57) and the dominant contribution is from the tree operator. This kind of contribution is either
proportional to B → ηq or B → ηs form factor. Utilizing results given in Eq. (50) and Eq. (54), we obtain B → ηq
and B → ηs form factors as follows:
FB→ηq = (ζP + ζPJ + 2ζg + 2ζJg) = (0.053± 0.068) [(0.100± 0.021)] ,
FB→ηs = (ζg + ζJg) = (−0.076± 0.055)[(−0.049± 0.011)], (61)
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where the results in (out) the square brackets are predictions using the second (first) kind of inputs. In equation (61),
we can see: after taking the gluonic form factors into account, the FB→ηq and FB→ηs form factors are in the similar
size but with different signs in both kinds of inputs. In B− → ρ−ηq, another tree operator contributes in which ηq is
emitted. Although this contribution is color-suppressed, terms proportional to ζVJ give a sizable contribution. It can
be estimated by using a larger effective B → ηq form factor. Recalling that physical states η and η′ are mixtures of
ηq and ηs as in Eq. (22), one obtains the expressions for B → η(′) form factors:
FB→η =
FB→ηq√
2
cos(θ) − FB→ηs sin(θ),
FB→η
′
=
FB→ηq√
2
sin(θ) + FB→ηs cos(θ). (62)
The mixing angle between ηq and ηs has been determined as θ = (39.3± 1.0)◦ [33, 34, 35] which is very close to 45◦,
thus we can obtain very small B → η′ form factors and relatively large B → η form factors. Thus the branching
fraction of B− → ρ−η′ is relatively suppressed for this flavor structure. In QCDF and PQCD approaches, the form
factors are different: FB→ηq ≫ FB→ηs . Thus the predicted branching ratio of B− → ρ−η is comparable with
BR(B− → ρ−η′) in these two approaches.
As in B¯0 → π0ρ0 process, our predictions on branching fractions of B¯0 → ρ0η(′) and B¯0 → ωη(′) are much larger
than the results evaluated in QCDF and PQCD approach. These channels are the so-called color-suppressed decays,
as the contributions from terms proportional to ζ and ζg are small due to the small Wilson coefficients. But in the
present framework, the hard-spectating form factors ζJ and ζJg are comparable with ζ and ζg. Moreover, the Wilson
coefficients for these form factors are large. Thus branching ratios of B¯0 → ρ0η(′) and B¯0 → ωη(′) are much larger.
Similar with B → K∗π and B → ρK decays, B → K∗η(η′) are also induced by b→ s transitions in which charming
penguins provide most important contributions. But compared with B → K∗π and B → ρK decays, there are
something new in these channels. In B → K∗η(η′), there exist three kinds of charming penguins:
AK
∗ηq
cc =
1√
2
(AV Pcc + 2A
V P
ccg ), A
K∗ηs
cc = A
V P
ccg +A
PV
cc . (63)
Substituting the values given in Eq. (50) and Eq. (54), we obtain ratios of charming penguins:
| cos(θ)√
2
(AV Pcc + 2A
V P
ccg )− sin(θ)(AV Pccg +APVcc )|2
| cos(θ)√
2
(AV Pcc + 2A
V P
ccg ) + sin(θ)(A
V P
ccg +A
PV
cc )|2
∼ 2.0.
The branching fraction of B¯0 → K¯∗0η is about 4 times larger than that of B¯0 → K¯∗0η′ for both solutions. The main
reason for the difference is: AK
∗ηs
cc is very small due to the cancelations between A
PV
cc and A
V P
ccg ; the penguin operators
play the dominant role in the B → K∗ηs decay amplitudes. Our results for these channels have a better agreement
with experiments than QCDF and PQCD.
E. Bs → V P Decays
Since we have assumed the SU(3) symmetry for form factors and charming penguins, branching fractions and direct
CP asymmetries of the Bs decays are related to the corresponding B decays:
BR(B¯0s → K∗+K−) = BR(B¯0 → ρ+K−), BR(B¯0s → K+K∗−) = BR(B¯0 → π+K∗−), (64)
ACP (B¯
0
s → K∗+K−) = ACP (B¯0 → ρ+K−), ACP (B¯0s → K+K∗−) = ACP (B¯0 → π+K∗−). (65)
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These relations can also be applied to the following channels:
BR(B¯0s → K∗+π−) = BR(B¯0 → ρ+π−), BR(B¯0s → K+ρ−) = BR(B¯0 → π+ρ−), (66)
ACP (B¯
0
s → K∗+π−) = ACP (B¯0 → ρ+π−), ACP (B¯0s → K+ρ−) = ACP (B¯0 → π+ρ−). (67)
In tree-operator-dominated processes B¯0s → ρ−K+, we obtain branching ratios which are much smaller than
predictions in the other two approaches: because PQCD predicts FBs→K = 0.24+0.05+0.00−0.04−0.01 and QCDF use an even
larger form factor FBs→K = 0.31±0.05. BR(B¯0s → π−K∗+) is consistent with results in QCDF and PQCD approach
as the B → K∗ form factors are consistent. As in B decays, we also predict larger branching ratios for color-suppressed
Bs decays than QCDF and PQCD which can be tested on the future experiments.
Our predictions on b→ s processes B¯0s → K∗K are consistent with the other two approaches. But there are huge
differences in our predictions of BR(B¯s → φη(η′)) with those in QCDF and PQCD. In PQCD approach, contributions
from gluonic components of η and η′ in B → η(′) form factors are very small and can be neglected [60]. As shown in
Ref. [58], decay amplitudes of Bs → φηq are dynamically enhanced sizably, as the Wilson coefficients a3− a5 strongly
depend on the factorization scale. In Bs → φηs, dominant penguin operators are either proportional to a4− 2rχa6 or
a4. The former Wilson coefficient is very small as a4 ∼ a6 and 2rχ ∼ 1. The total decay amplitudes of Bs → φηq and
Bs → φηs are in similar size but with different signs. Thus branching ratio of Bs → φη predicted in PQCD approach
is relatively large while branching ratio of Bs → φη′ is small due to cancelations between the two amplitudes [58]. In
the SCET framework, charming penguins play the most important role: the charming penguin AV Pcc almost cancels
with APVcc . Thus the dominant contributions to Bs → φη(η′) are from the gluonic charming penguin and the penguin
operators which are proportional to VtbV
∗
ts. Neglecting the latter term, we have:
ABs→φηcc = cos(θ)
√
2AV Pccg − sin(θ)AV Pccg ∼ (
√
2− 1)AV Pccg ,
ABs→φη
′
cc = sin(θ)
√
2AV Pccg + cos(θ)(A
V P
ccg ) ∼ (
√
2 + 1)AV Pccg . (68)
These two equations can explain the small branching fraction for Bs → φη together with the large one for Bs → φη′.
The QCD penguin contributions do not change the ratios too much, but sizable differences appear in the two solutions.
The large differences in two kinds of predictions on direct CP asymmetries also confirm this feature.
In Bs decays, there are 7 decays in which the direct CP asymmetries are zero: B¯s → K∗0K¯0, B¯s → K¯∗0K0,
B¯s → π0φ and B¯s → ρ0(ω)η(′). As we know, in order to give a non-vanishing direct CP violation, at least two decay
amplitudes with different weak phases and different strong phases are required. In the first two decays, contributions
from tree operators vanish at leading order. The non-zero contribution is either proportional to the CKM matrix
elements VtbV
∗
ts or VcbV
∗
cs and both of them are taken real in our calculation. Thus in these two channels, there are
only one weak phase and direct CP asymmetry is 0 in the present framework. The latter 5 channels are induced by
b→ s transitions and one of the final state mesons is neither open nor hidden strange. There is no contribution from
charming penguins in these modes. The direct CP asymmetries are zero for lack of necessary strong phases.
F. Mixing-induced CP asymmetries
In this subsection, we will discuss mixing-induced CP asymmetries which can be studied via time-dependent mea-
surements of decay widths. The four decay amplitudes in B0/B¯0 → f(f¯) decays are defined by:
Af = 〈f |Heff |B0〉, A¯f = 〈f |Heff |B¯0〉, Af¯ = 〈f¯ |Heff |B0〉, A¯f¯ = 〈f¯ |Heff |B¯0〉. (69)
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TABLE V: CP -averaged branching ratios (×10−6) of Bs → PV decays: the first solution (This work 1) and the second solution
(This work 2). In both solutions, we have included the chiraly enhanced penguin in B → V P decay amplitudes. The first
kinds of uncertainties are from uncertainties in charming penguins and gluonic form factors which are discussed in the text;
the second kinds of uncertainties are from those in the CKM matrix elements. We also cite theoretical results evaluated in
QCDF [10] and PQCD [58] to make a comparison.
Modes QCDF PQCD This work 1 This work 2
B¯0s → K
+K∗− 4.1+1.7+1.5+1.0+9.2−1.5−1.3−0.9−2.3 6.0
+1.7+1.7+0.7
−1.5−1.2−0.3 8.4
+4.4+1.6
−3.4−1.3 9.5
+3.2+1.2
−2.8−1.1
B¯0s → K
∗+K− 5.5+1.3+5.0+0.8+14.2−1.4−2.6−0.7− 3.6 4.7
+1.1+2.5+0.0
−0.8−1.4−0.0 9.8
+4.6+1.7
−3.7−1.4 10.2
+3.8+1.5
−3.2−1.2
B¯0s → K
0K
∗0
3.9+0.4+1.5+1.3+10.4−0.4−1.4−1.4− 2.8 7.3
+2.5+2.1+0.0
−1.7−1.3−0.0 7.9
+4.4+1.6
−3.4−1.3 9.3
+3.2+1.2
−2.8−1.0
B¯0s → K
∗0K
0
4.2+0.4+4.6+1.1+13.2−0.4−2.2−0.9− 3.2 4.3
+0.7+2.2+0.0
−0.7−1.4−0.0 8.7
+4.4+1.6
−3.5−1.4 9.4
+3.7+1.4
−3.1−1.2
B0s/B¯
0
s → K
+K∗− 16.5+6.4+3.2−4.9−2.6 17.5
+5.0+2.5
−4.4−2.1
B0s/B¯
0
s → K
∗+K− 19.8+6.9+3.4−5.6−2.9 21.8
+5.4+2.8
−4.7−2.4
B¯0s → K
∗+K−
B¯0s → K
∗−K+
o
18.2+6.3+3.3−5.0−2.7 19.7
+5.0+2.6
−4.2−2.2
B¯0s → K
∗0K¯0
B¯0s → K¯
∗0K0
o
16.6+6.2+3.2−4.9−2.7 18.7
+4.9+2.6
−4.2−2.2
B¯0s → pi
0φ 0.12+0.03+0.04+0.01+0.02−0.02−0.04−0.01−0.01 0.16
+0.06+0.02+0.00
−0.05−0.02−0.00 0.07
+0.00+0.01
−0.00−0.01 0.09
+0.00+0.01
−0.00−0.01
B¯0s→pi
−K∗+ 8.7+4.6+3.5+0.7+0.8−3.7−2.9−1.0−0.7 7.6
+2.9+0.4+0.5
−2.2−0.5−0.3 5.9
+0.5+0.5
−0.5−0.5 6.6
+0.2+0.7
−0.1−0.7
B¯0s→pi
0K∗0 0.25+0.08+0.10+0.32+0.30−0.08−0.06−0.14−0.14 0.07
+0.02+0.04+0.01
−0.01−0.02−0.01 0.90
+0.07+0.10
−0.01−0.11 1.07
+0.16+0.10
−0.15−0.09
B¯0s→ρ
−K+ 24.5+11.9+9.2+1.8+1.6−9.7−7.8−3.0−1.6 17.8
+7.7+1.3+1.1
−5.6−1.6−0.9 7.6
+0.3+0.8
−0.1−0.8 10.2
+0.4+0.9
−0.5−0.9
B¯0s→ρ
0K0 0.61+0.33+0.21+1.06+0.56−0.26−0.15−0.38−0.36 0.08
+0.02+0.07+0.01
−0.02−0.03−0.00 2.0
+0.2+0.2
−0.2−0.2 0.81
+0.05+0.08
−0.02−0.09
B¯0s → K
0ω 0.51+0.20+0.15+0.68+0.40−0.18−0.11−0.23−0.25 0.15
+0.05+0.07+0.02
−0.04−0.03−0.01 0.90
+0.08+0.10
−0.01−0.11 1.3
+0.1+0.1
−0.1−0.1
B¯0s → K
0φ 0.27+0.09+0.28+0.09+0.67−0.08−0.14−0.06−0.18 0.16
+0.04+0.09+0.02
−0.03−0.04−0.01 0.44
+0.23+0.08
−0.18−0.07 0.54
+0.21+0.08
−0.17−0.07
B¯0s → ρ
0η 0.17+0.03+0.07+0.02+0.02−0.03−0.06−0.02−0.01 0.06
+0.03+0.01+0.00
−0.02−0.01−0.00 0.08
+0.04+0.01
−0.03−0.01 0.06
+0.03+0.00
−0.02−0.00
B¯0s → ρ
0η′ 0.25+0.06+0.10+0.02+0.02−0.05−0.08−0.02−0.02 0.13
+0.06+0.02+0.00
−0.04−0.02−0.01 0.003
+0.082+0.000
−0.000−0.000 0.14
+0.24+0.01
−0.11−0.01
B¯0s → ωη 0.012
+0.005+0.010+0.028+0.025
−0.004−0.003−0.006−0.006 0.04
+0.03+0.05+0.00
−0.01−0.02−0.00 0.04
+0.04+0.00
−0.02−0.00 0.007
+0.011+0.001
−0.002−0.001
B¯0s → ωη
′ 0.024+0.011+0.028+0.077+0.042−0.009−0.006−0.010−0.015 0.44
+0.18+0.15+0.00
−0.13−0.14−0.01 0.001
+0.095+0.000
−0.000−0.000 0.20
+0.34+0.02
−0.17−0.02
B¯0s → φη 0.12
+0.02+0.95+0.54+0.32
−0.02−0.14−0.12−0.13 3.6
+1.5+0.8+0.0
−1.0−0.6−0.0 0.59
+2.02+0.12
−0.59−0.10 0.94
+1.89+0.16
−0.97−0.13
B¯0s → φη
′ 0.05+0.01+1.10+0.18+0.40−0.01−0.17−0.08−0.04 0.19
+0.06+0.19+0.00
−0.01−0.13−0.00 7.3
+7.7+1.6
−5.4−1.3 4.3
+5.2+0.7
−3.6−0.6
B¯0s → K
∗0η 0.26+0.15+0.49+0.15+0.57−0.13−0.22−0.05−0.15 0.17
+0.04+0.10+0.03
−0.04−0.06−0.01 1.7
+0.3+0.2
−0.3−0.1 0.62
+0.14+0.07
−0.14−0.08
B¯0s → K
∗0η′ 0.28+0.04+0.46+0.23+0.29−0.04−0.24−0.10−0.15 0.09
+0.02+0.03+0.01
−0.02−0.02−0.01 0.64
+0.33+0.11
−0.26−0.11 0.87
+0.35+0.10
−0.32−0.08
Considering the width differences of the two mass eigenstates BH and BL, the decay amplitudes squared at time t of
the state that was a pure B0 state at time t = 0 can be parameterized by:
|Af (t)|2 ≡ |〈f |B(t)〉|2 = e
−Γt
2
(|Af |2 + |A¯f |2)
[
cosh
(∆Γt
2
)
+Hf sinh
(∆Γt
2
)
+Cf cos(∆mt)− Sf sin(∆mt)
]
, (70)
where ∆m = mH −mL > 0 and ∆Γ = ΓH − ΓL is the difference of decay widths for the heavier and lighter B0 mass
eigenstates. The time-dependent decay amplitudes squared of another channel B¯0 → f is obtained from the above
expression by flipping the signs of the cos(∆mt) and sin(∆mt) terms. For decays to the CP-conjugate final state, one
replaces f by f¯ .
Time-dependent decay amplitudes squared can be simplified in two kinds of cases. In B0-B¯0 system, the small
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TABLE VI: Direct CP asymmetries (in %) in the Bs → PV decays: the first solution (This work 1) and the second solution
(This work 2). In both solutions, the chiraly enhanced penguin has been taken into account in B → V P decay amplitudes.
The first kinds of uncertainties are from uncertainties in charming penguins and gluonic form factors which are discussed in the
text; the second kinds of uncertainties are from those in the CKM matrix elements. We also cite theoretical results evaluated
in QCDF [10] and PQCD [58] to make a comparison.
Modes QCDF PQCD This work 1 This work 2
B
0
s → K
+K∗− 2.2+0.6+8.4+5.1+68.6−0.7−8.0−5.9−71.0 −36.6
+2.3+2.8+1.3
−2.3−3.5−1.2 −11.2
+19.1+1.3
−16.2−1.3 −12.3
+11.4+0.8
−11.3−0.8
B
0
s → K
∗+K− −3.1+1.0+3.8+1.6+47.5−1.1−2.6−1.3−45.0 55.3
+4.4+8.5+5.1
−4.9−9.8−2.5 7.1
+11.2+0.7
−12.4−0.7 9.6
+13.0+0.7
−13.5−0.9
B
0
s → K
0K
∗0
1.7+0.4+0.6+0.5+1.4−0.5−0.5−0.4−0.8 0 0 0
B
0
s → K
∗0K
0
0.2+0.0+0.2+0.1+0.2−0.1−0.3−0.1−0.1 0 0 0
B
0
s → pi
0φ 27.2+6.1+9.8+2.7+32.0−6.8−5.6−2.4−37.1 13.3
+0.3+2.1+1.5
−0.4−1.7−0.7 0 0
B
0
s → ρ
0η 27.8+6.4+9.1+2.6+25.9−6.7−5.7−2.2−28.4 −9.2
+1.0+2.8+0.4
−0.4−2.7−0.7 0 0
B
0
s → ρ
0η′ 28.9+6.1+10.3+1.5+24.8−7.5− 6.3−1.8−27.5 25.8
+1.3+2.8+3.4
−2.0−3.6−1.5 0 0
B
0
s → ωη ... −16.7
+5.8+15.4+0.8
−3.2−19.1−1.7 0 0
B
0
s → ωη
′ ... 7.7+0.4+4.5+9.4−0.1−4.2−0.4 0 0
B
0
s → φη −8.4
+2.0+30.1+14.6+36.3
−2.1−71.2−44.7−59.7 −1.8
+0.0+0.6+0.1
−0.1−0.6−0.2 21.3
+53.5+2.5
−83.2−2.6 16.9
+13.8+1.6
−18.3−1.6
B
0
s → φη
′
−62.2+15.9+132.3+80.8+122.4−10.2− 84.2−46.8− 49.9 7.8
+1.5+1.2+0.1
−0.5−8.6−0.4 4.4
+5.3+0.6
−7.1−0.6 7.8
+5.0+0.8
−4.9−0.8
B
0
s→pi
−K∗+ 0.6+0.2+1.4+0.1+19.9−0.1−1.7−0.1−20.1 −19.0
+2.5+2.7+0.9
−2.6−3.4−1.4 −9.9
+17.2+0.9
−16.7−0.7 −12.4
+17.5+1.1
−15.3−1.2
B
0
s→pi
0K∗0 −45.7+14.3+13.0+28.4+80.0−16.0−11.6−28.0−59.7 −47.1
+7.4+35.5+2.9
−8.7−29.8−7.0 22.9
+33.1+2.1
−40.2−1.9 13.4
+18.6+0.8
−18.8−1.2
B
0
s→ρ
−K+ −1.5+0.4+1.2+0.2+12.1−0.4−1.4−0.3−12.1 14.2
+2.4+2.3+1.2
−2.2−1.6−0.7 11.8
+17.5+1.2
−20.0−1.1 10.8
+9.4+0.9
−10.2−1.0
B
0
s→ρ
0K0 24.7+7.1+14.0+22.8+51.3−5.2−12.4−17.7−52.3 73.4
+6.4+16.2+2.2
−11.7−47.8−3.9 −12.0
+20.1+1.0
−19.6−0.7 −32.5
+30.7+2.7
−23.4−2.9
B
0
s → K
0ω −43.9+13.6+18.0+30.6+57.7−13.4−18.2−30.2−49.3 −52.1
+3.2+22.7+3.2
−0.0−15.1−2.0 24.4
+33.7+2.2
−41.4−2.0 18.2
+16.4+1.2
−17.0−1.7
B
0
s → K
0φ −10.3+3.0+4.7+3.7+5.0−2.4−3.0−4.1−7.5 0 −3.0
+5.3+0.3
−4.7−0.3 −2.2
+3.0+0.1
−2.9−0.1
B
0
s → K
∗0η 40.2+17.0+24.6+ 7.8+65.9−11.5−30.8−14.0−96.3 51.2
+6.2+14.1+2.0
−6.4−12.4−3.3 −25.7
+23.4+2.0
−22.0−1.3 −62.7
+28.1+2.6
−22.5−3.9
B
0
s → K
∗0η′ −58.6+16.9+41.4+19.9+44.9−11.9−11.7−13.9−35.7 −51.1
+4.6+15.0+3.2
−6.6−18.2−4.1 −35.2
+63.3+3.1
−49.4−3.8 −32.1
+22.8+2.6
−23.2−1.7
width difference ∆Γ can be safely neglected. Thus the first two terms cosh
(
∆Γt
2
)
and sinh
(
∆Γt
2
)
in Eq (70) can be
reduced to 1 and 0 and the decay amplitudes squared becomes:
|Af (t)|2 ≡ |〈f |B(t)〉|2 = e
−Γt
2
(|Af |2 + |A¯f |2)
[
1 + Cf cos(∆mt)− Sf sin(∆mt)
]
, (71)
In the following, we use the phase convention CP |B0〉 = |B¯0〉 and define the following amplitudes ratios:
λf =
q
p
A¯f
Af
, λf¯ =
q
p
A¯f¯
Af¯
, (72)
and q and p are the mixing parameters between B0 and B¯0. The definitions for Cf and Sf are given by:
Cf =
1− |λf |2
1 + |λf |2 =
|Af |2 − |A¯f |2
|Af |2 + |A¯f |2
, Sf = 2
Im(λf )
1 + |λf |2 ,
Cf¯ =
1− |λf¯ |2
1 + |λf¯ |2
=
|Af¯ |2 − |A¯f¯ |2
|Af¯ |2 + |A¯f¯ |2
, Sf¯ = 2
Im(λf¯ )
1 + |λf¯ |2
. (73)
The system of four decay modes defines five asymmetry parameters, Cf , Sf , Cf¯ , Sf¯ together with the global charge
asymmetry related to the overall normalization:
ACP =
|Af |2 + |A¯f |2 − |Af¯ |2 − |A¯f¯ |2
|Af |2 + |A¯f |2 + |Af¯ |2 + |A¯f¯ |2
. (74)
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TABLE VII: Mixing-induced CP asymmetries in B → pi±ρ∓ decay processes: the first solution (This work 1) and the second
solution (This work 2). In both cases, the chiraly enhanced penguin has been taken into account. The first kinds of uncertainties
are from uncertainties in charming penguins which are discussed in the text; the second kinds of uncertainties are from those
in the CKM matrix elements. We also cite theoretical results evaluated in QCDF approach [10] to make a comparison.
Parameter Exp. QCDF This work 1 This work 2
ACP −0.13± 0.04 0.00
+0.00+0.01+0.00+0.10
−0.00−0.01−0.00−0.10 −0.12
+0.04+0.04
−0.05−0.03 −0.21
+0.03+0.02
−0.02−0.03
C 0.01± 0.07 0.00+0.00+0.01+0.00+0.02−0.00−0.01−0.00−0.02 −0.01
+0.13+0.00
−0.12−0.00 0.01
+0.09+0.00
−0.10−0.00
S 0.01± 0.09 0.13+0.60+0.04+0.02+0.02−0.65−0.03−0.01−0.01 −0.11
+0.07+0.08
−0.08−0.13 −0.01
+0.06+0.08
−0.07−0.14
∆C 0.37± 0.08 0.16+0.06+0.23+0.01+0.01−0.07−0.26−0.02−0.02 0.11
+0.12+0.01
−0.13−0.01 0.12
+0.09+0.01
−0.10−0.01
∆S −0.04± 0.10 −0.02+0.01+0.00+0.00+0.01−0.00−0.01−0.00−0.01 −0.47
+0.08+0.05
−0.06−0.04 0.43
+0.05+0.03
−0.07−0.03
One can also use the parameters C ≡ 12 (Cf + Cf¯ ), S ≡ 12 (Sf + Sf¯ ), ∆C ≡ 12 (Cf − Cf¯ ), ∆S ≡ 12 (Sf − Sf¯ ). If there
is no direct CP violation, only two independent decay amplitudes squared are left. Thus ACP = 0, Cf = −Cf¯ and
Sf = −Sf¯ which also implies C = 0 and S = 0. If we recall that the CP invariance conditions at the decay amplitudes
level are Af = A¯f¯ and Af¯ = A¯f , one can study the following two parameters:
Aff¯ =
|A¯f¯ |2 − |Af |2
|A¯f¯ |2 + |Af |2
, Af¯f =
|A¯f |2 − |Af¯ |2
|A¯f |2 + |Af¯ |2
. (75)
Sometimes, they are considered as more physically intuitive parameters since they characterize direct CP violations.
In B0 → ρ±π∓ decays, (choosing f = ρ+π− and f¯ = ρ−π+), we use A+−ρπ parameterizes the direct CP violation
in decays in which the produced ρ meson does not contain the spectator quark, while A−+ρπ parameterizes the direct
CP violation in decays in which it does. Of course, these two parameters are not independent of the other sets of
parameters given above, and can be written by:
A+−ρπ = −
ACP + Cff¯ +ACP∆Cff¯
1 + ∆Cff¯ +ACPCff¯
, A−+ρπ = −
ACP + Cff¯ +ACP∆Cff¯
−1 + ∆Cff¯ +ACPCff¯
. (76)
Predictions on these parameters are given in table VII. Most of them are consistent with the data except ∆C and
∆S.
If the final state f is a CP eigenstate, there are only two different amplitudes since |f〉 = ±|f¯〉 and the time-
dependent decay amplitudes squared can also be simplified. Restricting the final state f to have definite CP-parity,
the time-dependent decay width for the B → f decay is:
Γ(B0(t)→ f) = e−Γt Γ(B → f)
[
cosh
(∆Γt
2
)
+Hf sinh
(∆Γt
2
)
−AdirCP cos(∆mt)− Sf sin(∆mt)
]
. (77)
The time dependent decay width Γ(B¯(t) → f) is obtained from the above expression by flipping the signs of the
cos(∆mt) and sin(∆mt) terms. In the Bd system, the width differences are small which can be safely neglected, but
in the Bs system, we expect a much larger decay width difference (∆Γ/Γ)Bs . This is estimated within the standard
model to have a value (∆Γ/Γ)Bs = −0.147± 0.060 [61], while experimentally (∆Γ/Γ)Bs = −0.33+0.09−0.11 [39], so that
both Sf and Hf , can be extracted from the time dependent decays of Bs mesons. The definition of the various
quantities in the above equation are as follows:
Sf =
2Im[λ]
1 + |λ|2 , Hf =
2Re[λ]
1 + |λ|2 , (78)
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TABLE VIII: Mixing-induced CP asymmetries Sf in B → V P decay processes:the first solution (This work 1) and the
second solution (This work 2). In both cases, the chiraly enhanced penguin has been taken into account. The first kinds
of uncertainties are from uncertainties in charming penguins and gluonic form factors which are discussed in the text; the
second kinds of uncertainties are from those in the CKM matrix elements. We also quote the experimental results to make a
comparison.
Channel Exp. This work 1 This work 2
B¯0 → ρ0KS 0.61
+0.22
−0.24 ± 0.09± 0.08 0.85
+0.04+0.01
−0.05−0.01 0.56
+0.02+0.01
−0.03−0.01
B¯0 → ωKS 0.48± 0.24 0.51
+0.05+0.02
−0.06−0.02 0.80
+0.02+0.01
−0.02−0.01
B¯0 → φKS 0.39± 0.17 0.69 0.69
B¯0 → K∗−pi+ → KSpi
−pi+ ... 0.93+0.04+0.01−0.07−0.02 0.34
+0.06+0.03
−0.07−0.03
B¯0 → K∗0pi0 → KSpi
0pi0 ... 0.52+0.04+0.02−0.05−0.02 0.79
+0.02+0.01
−0.02−0.01
B¯0 → K∗0η → KSpi
0η ... 0.75+0.01+0.01−0.01−0.01 0.64
+0.01+0.00
−0.01−0.00
B¯0 → K∗0η′ → KSpi
0η′ ... 0.76+0.07+0.01−0.06−0.01 0.66
+0.04+0.00
−0.05−0.00
S(B¯0 → pi0ρ0) 0.12± 0.38 −0.11+0.14+0.10−0.14−0.15 −0.19
+0.14+0.10
−0.14−0.15
S(B¯0 → pi0ω) ... −0.87+0.44+0.02−0.00−0.01 0.72
+0.36+0.07
−1.54−0.11
B¯0 → ρ0η ... 0.86+0.15+0.03−2.03−0.07 0.29
+0.36+0.09
−0.44−0.15
B¯0 → ρ0η′ ... 0.79+0.20+0.05−1.73−0.09 0.38
+0.22+0.09
−1.24−0.14
B¯0 → ωη ... 0.12+0.19+0.10−0.20−0.17 −0.16
+0.14+0.10
−0.15−0.15
B¯0 → ωη′ ... 0.23+0.59+0.10−1.10−0.10 −0.27
+0.17+0.09
−0.33−0.14
with
λ = ηf
q
p
A(B¯ → f)
A(B → f¯) , (79)
where ηf is +1(−1) for a CP-even (CP-odd) final state f . q/p = e−2iβ for the Bd system while q/p = e+2iǫ for the Bs
system where ǫ = arg[−VcbVtsV ∗csV ∗tb]. With the convention arg[Vcb] = arg[Vcs] = 0, the parameter can be reduced to
ǫ = arg[−VtsV ∗tb]. For b→ s transition induced B¯0 decays, the ratios of decay amplitudes A(B¯→f)A(B→f¯) are almost real and
thus Sf ∼ sin(2β). These channels provide a good way to measure sin(2β). Experimentalists often use the following
parameters in b→ s transitions:
− ηfSf = −2
Im[ q
p
A(B¯s→f)
A(Bs→f¯) ]
1 + |λ|2 , −ηfHf = −2
Re[ q
p
A(B¯s→f)
A(Bs→f¯) ]
1 + |λ|2 , (80)
while the latter parameter is only defined for the B0s − B¯0s system. Although the K∗0 meson is not a CP eigenstate,
its daughter-mesons KSπ
0 behave as CP eigenstates. Thus we also give the predictions on mixing-induced CP
asymmetries in the decays involving a K∗0 meson and other related decays. Results for these parameters are collected
in table VIII and table IX, where predictions on decays with branching ratios smaller than 10−7 are omitted.
After studying the two simplified cases, we come to the time-dependent CP asymmetries in B¯0s → K∗+K−, where
the final state are not CP eigenstate and the width difference of B0s − B¯0s can not be neglected either. In the following,
we choose f = K∗+K− and f¯ = K+K∗−. One needs to consider two additional CP asymmetries:
Hf = 2
Re(λf )
1 + |λf |2 , Hf¯ = 2
Re(λf¯ )
1 + |λf¯ |2
, (81)
which can be redefined as: H =
Hf+Hf¯
2 and ∆H =
Hf−Hf¯
2 . Our predictions for these parameters are given in table X,
but we have not considered the global charge asymmetries because of the presence of ∆Γ. These predictions will be
tested at the forthcoming LHCb experiments
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TABLE IX: Mixing-induced CP asymmetries (Sf )Bs and (Hf )Bs in Bs → PV decays. Results obtained in the PQCD
approach [58] are also collected here; the errors for these entries correspond to the uncertainties in the input hadronic quantities
(charming penguins and the two form factors ζg and ζJg ), and the CKM matrix elements, respectively.
Modes PQCD This work 1 This work 2
B
0
s → pi
0φ −0.07+0.01+0.08+0.02−0.01−0.09−0.03 0.89
+0.00+0.04
−0.00−0.05 0.90
+0.00+0.02
−0.00−0.03
0.98+0.00+0.01+0.01−0.00−0.03−0.00 −0.45
+0.00+0.09
−0.00−0.10 0.44
+0.00+0.05
−0.00−0.05
B
0
s → ρ
0η 0.15+0.06+0.14+0.01−0.06−0.16−0.01 1.00
+0.00+0.00
−0.06−0.01 0.60
+0.30+0.03
−0.53−0.03
0.98+0.01+0.01+0.00−0.01−0.03−0.00 −0.04
+0.41+0.08
−0.32−0.08 0.80
+0.20+0.02
−0.36−0.02
B
0
s → ρ
0η′ −0.16+0.00+0.10+0.04−0.00−0.12−0.05 0.95
+0.00+0.02
−1.60−0.02 −0.41
+0.75+0.10
−0.75−0.15
0.95+0.01+0.01+0.01−0.00−0.02−0.02 0.32
+0.67+0.06
−1.29−0.06 −0.91
+0.82+0.08
−0.08−0.04
B
0
s → ωη −0.02
+0.01+0.02+0.00
−0.03−0.08−0.00 −0.62
+0.41+0.08
−0.18−0.12 0.93
+0.04+0.03
−0.98−0.04
0.99+0.01+0.01+0.00−0.01−0.06−0.00 −0.79
+0.16+0.11
−0.20−0.06 −0.37
+1.37+0.09
−0.65−0.10
B
0
s → ωη
′
−0.11+0.01+0.04+0.02−0.00−0.04−0.03 −0.25
+1.23+0.10
−0.74−0.16 −1.00
+0.04+0.01
−0.00−0.00
0.99+0.00+0.00+0.00−0.00−0.00−0.00 −0.97
+2.12+0.05
−0.00−0.02 −0.09
+0.32+0.12
−0.22−0.08
B
0
s → φη −0.03
+0.02+0.07+0.01
−0.01−0.20−0.02 −0.39
+0.43+0.04
−0.15−0.04 0.23
+0.35+0.02
−0.16−0.02
1.00+0.00+0.00+0.00−0.00−0.01−0.00 0.90
+0.14+0.02
−0.24−0.02 0.96
+0.04+0.01
−0.12−0.01
B
0
s → φη
′ 0.00+0.00+0.02+0.00−0.00−0.02−0.00 −0.07
+0.06+0.01
−0.06−0.01 0.10
+0.07+0.01
−0.05−0.01
1.00+0.00+0.00+0.00−0.00−0.00−0.02 1.00
+0.00+0.00
−0.01−0.00 0.99
+0.01+0.00
−0.01−0.00
B
0
s → KSφ −0.72 0.09
+0.04+0.01
−0.03−0.01 −0.13
+0.02+0.01
−0.02−0.01
−0.69 −1.00+0.00+0.00−0.00−0.00 −0.99
+0.00+0.00
−0.00−0.00
B
0
s→ρ
0KS −0.57
+0.22+0.51+0.02
−0.17−0.39−0.05 0.99
+0.00+0.00
−0.05−0.01 −0.03
+0.22+0.17
−0.17−0.12
−0.36+0.10+0.46+0.04−0.13−0.15−0.04 0.04
+0.13+0.09
−0.11−0.13 0.95
+0.05+0.01
−0.13−0.02
B
0
s → KSω −0.63
+0.09+0.28+0.01
−0.09−0.11−0.02 −0.11
+0.28+0.18
−0.22−0.14 0.98
+0.02+0.00
−0.04−0.01
−0.57+0.11+0.31+0.02−0.13−0.38−0.02 0.96
+0.02+0.01
−0.16−0.03 −0.07
+0.11+0.08
−0.09−0.12
B¯0s → K
∗+pi− → KSpi
+pi− ... 0.98+0.01+0.01−0.04−0.02 0.35
+0.11+0.15
−0.09−0.11
... 0.16+0.11+0.09−0.09−0.13 0.93
+0.03+0.03
−0.07−0.07
B¯0s → K
∗0pi0 → KSpi
0pi0 ... −0.07+0.26+0.18−0.22−0.14 0.94
+0.03+0.02
−0.05−0.04
... 0.97+0.01+0.01−0.15−0.02 −0.30
+0.12+0.07
−0.09−0.10
B¯0s → K
∗0η → KSpi
0η ... 0.94+0.06+0.02−0.09−0.03 −0.77
+0.23+0.04
−0.16−0.03
... −0.22+0.15+0.08−0.14−0.11 0.10
+0.26+0.11
−0.22−0.11
B¯0s → K
∗0η′ → KSpi
0η′ ... −0.94+0.33+0.03−0.09−0.01 0.72
+0.15+0.04
−0.16−0.05
... 0.01+0.45+0.16−0.39−0.16 −0.62
+0.20+0.05
−0.16−0.06
G. Isospin asymmetries and U-spin asymmetries
Currently, there are many experimental methods to measure CKM angles: α, β and γ. But in order to reduce the
uncertainties, a good way is to use SU(3) symmetry although this will induce the errors from SU(3) symmetry breaking
effect. Here we will present some tests on this kind of symmetry breaking, although the flavor SU(3) symmetry for
B → P , B → V form factors and various charming penguins are used.
27
TABLE X: Mixing-induced CP asymmetries in B¯0s → K
∗+K− decay processes: the first solution (This work 1) and the second
solution (This work 2). In both predictions, we have included the chiraly enhanced penguin and chosen f = K∗+K−. The
first kinds of uncertainties are from uncertainties in charming penguins which are discussed in the text; the second kinds of
uncertainties are from those in the CKM matrix elements.
Parameter This work 1 This work 2
C 0.02+0.10+0.00−0.11−0.00 0.01
+0.09+0.00
−0.09−0.00
S −0.02+0.07+0.01−0.07−0.01 0.02
+0.05+0.01
−0.05−0.00
H 0.92+0.02+0.02−0.04−0.02 0.91
+0.02+0.02
−0.03−0.02
∆C −0.09+0.11+0.01−0.10−0.01 −0.11
+0.09+0.01
−0.09−0.01
∆S 0.38+0.07+0.04−0.07−0.04 −0.41
+0.05+0.03
−0.05−0.03
∆H 0.01+0.04+0.00−0.02−0.00 0.01
+0.02+0.00
−0.02−0.00
TABLE XI: Two kinds of results for the ratios R1−5 in B → pipi and B → piρ decays, together with the predictions in QCDF [10]
and experimental data evaluated using the results of branching fractions. The first kinds of uncertainties are from uncertainties
in charming penguins as discussed in the text; the second kinds of uncertainties are from those in the CKM matrix elements.
Exp. QCDF This work 1 This work 2
R1 2.69
+0.54
−0.53 2.39
+0.31+0.04+0.15+0.05
−0.25−0.08−0.12−0.11 1.32
+0.15+0.10
−0.12−0.12 1.84
+0.22+0.05
−0.19−0.06
R2 2.21
+0.37
−0.37 2.06
+0.40+0.53+0.12+0.03
−0.30−0.36−0.09−0.06 1.17
+0.13+0.06
−0.11−0.07 1.52
+0.17+0.07
−0.15−0.09
R3 1.56
+0.68
−0.46 1.38
+0.18+0.82+0.03+0.02
−0.17−0.59−0.04−0.05 1.28
+0.12+0.08
−0.10−0.10 1.54
+0.07+0.11
−0.09−0.07
R4 0.96
+0.80
−0.49 0.42
+0.04+0.15+0.45+0.23
−0.04−0.11−0.21−0.20 2.38
+0.21+0.02
−0.20−0.02 1.23
+0.04+0.02
−0.04−0.02
R5 0.57
+0.43
−0.33 0.22
+0.07+0.08+0.23+0.14
−0.08−0.06−0.12−0.12 1.21
+0.05+0.02
−0.05−0.03 1.09
+0.08+0.04
−0.08−0.03
In the B → ππ and B → πρ system, one often uses the following ratios [10]:
R1 ≡ Γ(B¯
0 → π+ρ−)
Γ(B¯0 → π+π−) , R2 ≡
Γ(B¯0 → π+ρ−) + Γ(B¯0 → π−ρ+)
2Γ(B¯0 → π+π−) ,
R3 ≡ Γ(B¯
0 → π+ρ−)
Γ(B¯0 → π−ρ+) , R4 ≡
2 Γ(B− → π−ρ0)
Γ(B¯0 → π−ρ+) − 1, R5 ≡
2 Γ(B− → π0ρ−)
Γ(B¯0 → π+ρ−) − 1 , (82)
where the partial decay widths are CP averaged. Our predictions are given in table XI, where we have used the
experimental results on branching ratios to evaluate the ratios and these values are collected as experimental results.
The predictions in QCDF approach are also collected in this table. In B¯0 → π+π− and B¯0 → π+ρ−, tree operators
dominate. If we only consider the tree operators, R1 becomes ratios of decay constants: R1 = (fρ/fπ)
2 ∼ 2. Our
predictions are smaller than 2 for both solutions. In the first solution, the ratio is much smaller which is mainly caused
by charming penguin terms: APPcc gives a constructive contribution to the decay width of B¯
0 → π+π− while AV Pcc gives
a destructive contribution to Γ(B¯0 → π+ρ−). In the second solution, the deviation of R1 from 2 is not too large as the
phase of APPcc is almost the same as A
V P
cc . R4 and R5 are larger than predictions in QCDF approach and the present
experimental data. B− → π−ρ0 contains two different contributions from tree operators: color-allowed contribution
with ρ− emitted; color-suppressed contribution with π− emitted. In QCDF approach, the second contribution is small
and the first contribution is related to tree operators in B− → π−ρ+. Neglecting the color-suppressed contribution
and contributions from penguin operators, R4 is equal to zero. In SCET, color-suppressed tree operators can give
sizable contributions as we have discussed. Thus the branching ratio of B− → π−ρ0 is enhanced which can give a
large value for R4. The analysis is also similar for the ratio R5.
In B0d → K∗−π+, B0s → K+ρ−, B0d → K−ρ+ and B0s → K∗+π−, the branching ratios are very different from each
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other due to the differing strong and weak phases entering in the tree and penguin amplitudes. However, as shown
by Gronau [62], the two relevant products of the CKM matrix elements entering in the expressions for the direct CP
asymmetries in these decays are equal, and, as stressed by Lipkin [63] subsequently, the final states in these decays
are charge conjugates, and the strong interactions being charge-conjugation invariant, the direct CP asymmetry in
B0s → K+π− can be related to the well-measured CP asymmetry in the decay B0d → K−π+ using U-spin symmetry.
In this symmetry limit, we have [62, 63]:
|A(B0s → π+K∗−)|2 − |A(B¯0s → π−K∗+)|2 = |A(B¯d → ρ+K−)|2 − |A(Bd → ρ−K+)|2, (83)
AdirCP (B¯d → ρ+K−) = −AdirCP (B¯0s → π−K∗+) ·
BR(B¯0s → π−K∗+)
BR(B¯0d → ρ+K−)
· τ(Bd)
τ(Bs)
. (84)
Following the suggestions in the literature, we can test these equations and search for possible new physics effects
which would likely violate these relations. Accordingly, one can define the following parameters:
R6 ≡ |A(Bs → π
+K∗−)|2 − |A(B¯s → π−K∗+)|2
|A(Bd → ρ−K+)|2 − |A(B¯d → ρ+K−)|2
=
BR(B¯s → π−K∗+)AdirCP (B¯s → π−K∗+)τ(Bd)
BR(B¯ → K−ρ+)AdirCP (B¯ → K−ρ+)τ(Bs)
, (85)
∆1 =
AdirCP (B¯d → ρ+K−)
AdirCP (B¯s → π−K∗+)
+
BR(Bs → π+K∗−)
BR(B¯d → ρ+K−)
· τ(Bd)
τ(Bs)
, (86)
R7 ≡ |A(Bs → ρ
+K−)|2 − |A(B¯s → ρ−K+)|2
|A(Bd → ρ−K+)|2 − |A(B¯d → ρ+K−)|2
=
BR(B¯s → ρ−K+)AdirCP (B¯s → ρ−K+)τ(Bd)
BR(B¯ → K∗−π+)AdirCP (B¯ → K∗−ρ+)τ(Bs)
, (87)
∆2 =
AdirCP (B¯d → π+K∗−)
AdirCP (B¯s → ρ−K+)
+
BR(B¯s → ρ−K+)
BR(B¯d → π+K∗−)
· τ(Bd)
τ(Bs)
. (88)
We also consider B¯0 → π+ρ−, B¯0s → K+K∗−, B¯0 → π−ρ+ and B¯0s → K∗+K− which are related by U-spin
transformation and define the following ratios:
R8 ≡ |A(Bs → K
∗+K−)|2 − |A(B¯s → K∗−K+)|2
|A(Bd → ρ+π−)|2 − |A(B¯d → ρ−π+)|2
=
BR(B¯s → K+K∗−)AdirCP (B¯s → K+K∗−)τ(Bd)
BR(B¯ → π+ρ−)AdirCP (B¯ → π+ρ−)τ(Bs)
, (89)
∆3 =
AdirCP (B¯d → ρ−π+)
AdirCP (B¯s → K∗−K+)
+
BR(B¯s → K∗−K+)
BR(B¯d → ρ−π+)
· τ(Bd)
τ(Bs)
, (90)
R9 ≡ |A(Bs → K
+K∗−)|2 − |A(B¯s → K−K∗+)|2
|A(Bd → π+ρ−)|2 − |A(B¯d → π−ρ+)|2
=
BR(B¯s → K−K∗+)AdirCP (B¯s → K−K∗+)τ(Bd)
BR(B¯ → π−ρ+)AdirCP (B¯ → π−ρ+)τ(Bs)
, (91)
∆4 =
AdirCP (B¯d → π−ρ+)
AdirCP (B¯s → K−K∗+)
+
BR(B¯s → K−K∗+)
BR(B¯d → π−ρ+)
· τ(Bd)
τ(Bs)
. (92)
In the flavor SU(3) symmetry limit, the ratios are R = −1 and ∆ is zero. Using the first solution for the 16 inputs,
we obtain the following values:
R6 = −0.89, ∆1 = −0.08+0.02+0.01−0.04−0.01,
R7 = −0.99, ∆2 = −0.01+0.00+0.00−0.01−0.00,
R8 = −1.11, ∆3 = 0.11+0.06+0.03−0.05−0.02,
R9 = −1.24, ∆4 = 0.33+0.12+0.06−0.11−0.05, (93)
where the tiny uncertainties of R6−8 are omitted here. Our predictions using the second kind of inputs are given by:
R6 = −0.87, ∆1 = −0.10+0.03+0.02−0.05−0.02,
R7 = −0.99, ∆2 = −0.01+0.00+0.00−0.00−0.00,
R8 = −1.10, ∆3 = 0.09+0.03+0.01−0.02−0.01,
R9 = −1.25, ∆4 = 0.33+0.13+0.06−0.11−0.05. (94)
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Since the form factors and charming penguins are assumed to the respect flavor SU(3) symmetry, the small deviations
for the ratios R and ∆ are reasonable.
V. COMPARISONS WITH THE PQCD APPROACH
b qb
q¯d(s)
q¯′ q¯′ q¯′
q¯
q
q¯′
d(s)
(a) (b)
FIG. 2: Feynman diagrams for the (S−P )(S+P ) annihilation operators in PQCD approach and charming penguins in SCET.
PQCD approach is based on kT factorization, where one keeps the intrinsic transverse momentum of quark degrees
of freedom. The intrinsic transverse momentum can smear the end-point singularities which often appear in collinear
factorization. Resummation of double logarithms results in the Sudakov factor which suppresses contributions from
the end-point region to make the PQCD approach more self-consistent. This approach can explain many problems to
achieve great successes. Currently, radiative corrections [51, 64, 65, 66] and power corrections in 1/mb [67, 68] in this
approach are under studies. In PQCD approach, annihilation diagrams can be directly calculated. Among them, the
(S − P )(S + P ) annihilation penguin operators (from the Fierz transformation of (V −A)(V +A) operators) are the
most important one. According to the power counting in PQCD approach, annihilation diagrams are suppressed by
ΛQCD/mb but the suppression for (S−P )(S+P ) annihilation penguin operators is 2rχ. This factor is comparable with
1. Thus annihilations play a very important role in PQCD approach. Phenomenologically, the large annihilations can
explain the correct branching ratios and direct CP asymmetries of B0 → π+π− and B¯0 → K−π+ [69], the polarization
problem of B → φK∗ [70], etc. In Fig. 2(a), we draw the Feynman diagrams for this term. Comparing with charming
penguins, we can see they have the same topologies in flavor space. So generally speaking, charming penguins in
SCET as shown in Fig. 2(b) have the same role with (S − P )(S + P ) annihilation penguin operators in PQCD. Both
of them are essential to explain the branching ratios in these two different approaches. But there are indeed some
differences in predictions on other parameters such as direct CP asymmetries and mixing-induced CP asymmetries.
First of all, the CKM matrix elements associated with charming penguins and (S−P )(S+P ) annihilation penguin
operators are different. If we consider B¯ decays in which a b quark annihilates, the (S−P )(S+P ) annihilation penguin
operators are proportional to VtbV
∗
tD, while charming penguins are proportional to VcbV
∗
cD. The differences in the
CKM matrix elements will affect direct CP asymmetries and mixing-induced CP asymmetries sizably. For example, in
B¯0s → φKS decay, the mixing-induced CP asymmetries in SCET are dramatically different from predictions in PQCD
approach. In the SCET framework, there is no contributions from tree operators to Bs → φKS at tree level and
penguin operators are much smaller than charming penguins. As the CKM matrix element VcbV
∗
cD for the charming
penguin is real, the parameter λ defined in Eq. (79) becomes λ = −e+2iǫ, where we have neglected contributions from
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penguin operators. Thus in SCET the two parameters Sf and Hf are given by:
Sf = − sin(2ǫ) = −0.03, Hf = − cos(2ǫ) = −1.00. (95)
In PQCD approach, the CKM matrix element for the (S −P )(S +P ) annihilation penguin operators is VtbV ∗td which
gives λ = −e+2iǫ+2iβ:
Sf = − sin(2ǫ+ 2β) = −0.72, Hf = − cos(2ǫ+ 2β) = −0.69. (96)
The differences in the mixing-induced CP asymmetries between SCET and PQCD will be tested at the future exper-
iments.
In PQCD approach, contributions from the (S−P )(S+P ) annihilation penguin operators can be calculated using
perturbation theory. These contributions are expressed as the convolution of light-cone distribution amplitudes and
a hard kernel. We can also include SU(3) symmetry breaking effects in the calculation in PQCD approach. In SCET,
charming penguins are from the charm quark loops. Since the charm quark is heavy, one can not factorize charming
penguins (see Ref. [8, 9, 10, 71] for another point of view). Thus charming penguins are non-perturbative in nature
which is similar with the final state interactions [72, 73]. In the present work based on SCET, we have assumed SU(3)
symmetries for the contributions from charming penguins. The magnitudes and strong phases of charming penguins
can not be calculated using perturbation theory which obtained by fitting the experimental data.
The third difference is the magnitudes of charming penguins in SCET and contributions from the (S − P )(S + P )
annihilation penguin operators in PQCD approach. This difference arises from the different power counting in the
two approaches. We take b → s transitions to illustrate the difference. In PQCD approach, the (S − P )(S + P )
annihilation penguins are enhanced to be of the same order with penguins in emission diagrams. In SCET, charming
penguins are more important. Comparing the values given in Eq. (50), Eq. (54) and Eq. (60), we can see charming
penguins in SCET always larger than contributions from emission penguin diagrams.
In PQCD approach, the (S − P )(S + P ) annihilation penguin operators are chiraly enhanced and the dominant
contribution is from the imaginary part. The main strong phases in PQCD approach which are essential to explain the
large CP asymmetries in many channels are also produced through from these operators. But in SCET, as we have
shown in Eq. (50) and Eq. (54), strong phases of charming penguins are not too large. Accordingly, our predictions
on direct CP asymmetries are small compared with predictions in PQCD approach.
VI. CONCLUSIONS
We provide the analysis of charmless two-body B → V P decays under the framework of soft-collinear-effective
theory. Besides the leading power contributions, we also take some power corrections (chiraly enhanced penguins)
into account. In the present framework, decay amplitudes of B → PP and B → V P decay channels can be expressed
as functions of 16 non-perturbative inputs: 6 form factors and 5 complex (10 real) charming penguins. Using the
B → PP and B → V P experimental data on branching fractions and CP asymmetry variables, we find two kinds
of solutions in χ2 fit for these 16 non-perturbative inputs. Chiraly enhanced penguin could change some charming
penguins sizably, since they have the same topology with each other. However, most of other non-perturbative inputs
and predictions on branching ratios and CP asymmetries are not changed too much. With the two sets of inputs, we
predict branching fractions and CP asymmetries. Agreements and differences with results in QCD factorization and
perturbative QCD approach are also analyzed. Our conclusions are as follows:
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• In color-allowed processes such as B¯0 → π±ρ∓ decays, tree operators provide the dominant contributions. Our
predictions on branching fractions are smaller than the ones calculated in the QCDF approach and PQCD
approach. The main reason is that: both B → P and B → V form factors in SCET are smaller. B0 → π0ρ0
and other color-suppressed channels are predicted with a larger branching ratios in SCET, because the hard
scattering form factors ζP,VJ are comparable with ζ
P,V who also have a large Wilson coefficients. The large
branching ratios for B0 → π0ρ0 are consistent with the experimental data.
• b → s decay processes such as B → πK∗, B → ρK and the corresponding Bs decays are dominated by
contributions from charming penguins. Since we have assumed flavor SU(3) symmetry for charming penguins,
branching fractions of b → s transition decays can be estimated by analyzing the corresponding charming
penguin terms. Decays with iso-singlet mesons η and η′ are slightly different since there exists cancelations
between different charming penguins.
• In the PQCD approach, annihilation diagrams do not suffer from the endpoint singularity problem, which can
be directly calculated. Among the three kinds of penguin operators, the (S − P )(S + P ) operators are most
important which provide the main strong phase in the PQCD approach. In the SCET framework, charming
penguins play an important role especially in b → s transitions. The (S − P )(S + P ) annihilations have the
same topology with charming penguin. Besides the commons, there exists many differences in these two objects
including weak phases, magnitudes, strong phases, SU(3) symmetry property and factorization property. These
differences will mainly affect the direct CP asymmetries and time-dependent CP asymmetry variables.
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APPENDIX A: EXPRESSIONS FOR HARD KERNELS
For explicit decay channels, the hard kernels depend the Lorentz structure and flavor structures. They can be
evaluated using the Wilson coefficients given in Eq. (16) and Eq. (17). In this appendix, we intend to write the decay
amplitudes in a compact form. In doing it, the following meson matrices are required:
B− = (1, 0, 0), B¯0 = (0, 1, 0), B¯0s = (0, 0, 1),
Mπ+ =Mρ+ =


0 0 0
1 0 0
0 0 0

 , MK+ =MK∗+ =


0 0 0
0 0 0
1 0 0

 , MK0 =MK∗0 =


0 0 0
0 0 0
0 1 0

 ,
√
2Mπ0 =
√
2Mρ0 =


1 0 0
0 −1 0
0 0 0

 ,
√
2Mηq =
√
2Mω =


1 0 0
0 1 0
0 0 0

 , Mηs =Mφ =


0 0 0
0 0 0
0 0 1

 ,
Mπ− =Mρ− =M
T
π+ , MK− =MK∗− =M
T
K+ , MK¯0 =MK¯∗0 =M
T
K0 , (A1)
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we also need the following matrices:
δu =


1 0 0
0 0 0
0 0 0

 , Λd =


0
1
0

 , Λs =


0
0
1

 , (A2)
Using the meson matrices, one can write the hard kernels appearing in B →M1M2 decays as:
T1 = c
f
1BM2δuM1Λ
f + (cf2 ± cf3 )BM2ΛfTr[δuM1]
+cf4BM2M1Λ
f + (cf5 ± cf6 )BM2ΛfTr[M1],
T1g = c
f
1BδuM1Λ
fTr[M2] + (c
f
2 ± cf3 )BΛfTr[δuM1]Tr[M2]
+cf4BM1Λ
fTr[M2] + (c
f
5 ± cf6 )BΛfTr[M1]Tr[M2],
T g1 = c
f
gBM2Λ
fTr[M1], T
g
1g = c
f
gBΛ
fTr[M1]Tr[M2],
T1J = T1(c
f
i → bfi ), T1Jg = T1J(cfi → bfi ), T g1J = T g1 (cfi → bfi ), T g1Jg = T g1g(cfi → bfi ). (A3)
If the emitted meson M2 is a pseudoscalar, c
f
2 − cf3 and cf5 − cf6 in Ti are used. But for vector meson emission, we use
plus signs in the combinations.
Using meson matrices, the charming penguins responsible for B → M1M2 decays can be determined in the same
way. If the charming penguins in B → PP decays are considered, the master equation is:
AM1M2cc = BM2M1Λ
fAPPcc +BM1Λ
fTr[M2]A
PP
ccg , (A4)
where the Accg term is only responsible for the iso-singlet mesons ηq and ηs. In B → V P decays, the charming
penguins are:
AM1M2cc = BM2M1Λ
fAV Pcc +BM1M2Λ
fAPVcc +BM1Λ
fTr[M2]A
V P
ccg , (A5)
where we take M1 as a vector meson and M2 as a pseudo-scalar meson.
The master equations for hard kernels for chiraly enhanced penguins are given by:
T χ1 = c
1χ
1(qfq)BM2M1Λ
f + c1χ2(qfq)BM2QM1Λ
f ,
T χ1g = c
1χ
1(qfq)BM1Λ
fTr[M2] + c
1χ
2(qfq)BQM1Λ
fTr[M2],
T χ1J = T
χ
1 (c
1χ
1(qfq) → c2χ3(qfq), c1χ2(qfq) → c2χ4(qfq)),
T χ1Jg = T
χ
1g(c
1χ
1(qfq) → c2χ3(qfq), c1χ2(qfq) → c2χ4(qfq)). (A6)
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